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RULES FOR THE NOMENCLATURE OF THE NATURAL AMINO 
ACIDS AND RELATED SUBSTANCES 


The following rules are designed to eliminate the current confusion in 
the nomenclature of the a-amino acids that arise from the hydrolysis of 
proteins, and of the compounds and derivatives of these acids. 

Rule 1. The configurational relationship of the asymmetric a-carbon 
atom of an amino acid capable of optical isomerism should be indicated by 
a symbol prefixed to the name; however, if a specific statement or the con- 
text makes it clear which isomer is under consideration, the symbol may 
be omitted. 


Examples: Leucine may be named without prefix if the preparation mentioned is 
stated to be the optically active isomer derived from a protein source. Leucine may 
be named without prefix if the preparation mentioned is stated to be synthetic and not 
resolved and therefore the optically inactive mixture of isomers. Leucine may be 
named without prefix in a general statement that is true for either optical isomer or 


for any mixture of these. ’ 


Rule 2. Distinction between the stereoisomers of the amino acids is made 
by a prefixed small capital letter p or L to denote the configurational family 
to which the a-carbon atom belongs. The p and 1 are to be pronounced dee 
and ell, respectively, not dextro and levo. An additional symbol to denote 


the direction of the rotation (7.e., a plus or a minus sign enclosed in paren- 
theses) is not necessary. 


Examples: u-leucine, p-valine, L-phenylalanine, L-threonine. 


The optically inactive mixture or racemic compound of the stereoisomers 
is designated by the prefix DL- in small capital letters. 


Examples: vu-leucine, bi-valine, pL-methionine. 


Rule 3. Where confusion is possible between the use of the capital letter 
prefix for the configuration of the a-carbon atom in amino acid nomenclature 
and for that of the highest numbered asymmetric carbon atom in carbo- 
hydrate nomenclature, a subscript is added to the capital letter prefix. 
Where the prefix is used in the amino acid sense, the subscript s is added; 
where the prefix is used in the carbohydrate sense, the subscript g is added. 
These subscripts (lower-case roman letters) refer, respectively, to serine, the 
fundamental substance to which amino acids that bear structural resem- 
blance to the carbohydrates can be formally related, and to glyceric alde- 
hyde, the fundamental substance to which the configuration of the carbo- 
hydrates is formally related. 
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Examples: t,-threonine for which the synonym in carbohydrate nomenclature ig 
2-amino-2,4-didesoxy-p,-threonic acid, D,-threonine for which the synonym ig 
2-amino-2,4-didesoxy-Lg-threonic acid, L,-allothreonine for which the synonym 
is 2-amino-2,4-didesoxy-L,-erythronic acid, D,-allothreonine for which the syno- 
nym is 2-amino-2,4-didesoxy-pg-erythronic acid. Papers that deal with both 
carbohydrates and amino acids and which make use of the prefixes should employ 
subscripts at least for the names of the amino acids. The acids derived from amino 
sugars should be named in conformance with carbohydrate nomenclature but with 
the use of the subscript, e.g. pg-glucosaminic acid for 2-amino-2-desoxy-p,-gluconic 
acid. . 

Rule 4. If the configurational relationship of the a-carbon atom has not 
been definitely established, the actual direction of the rotation ina specified 
solvent, preferably of the free amino acid in water, is designated by the 
prefixes deztro or levo in lower-case italic letiers or, alternatively, by a plus or 
a minus sign enclosed in parentheses. 


Examples: dextrohydroxytryptophan, (+)-hydroxytryptophan. 


Rule 5. The prefix meso- or its abbreviation ms- in lower-case italic letters 
is used to denote the isomers of amino acids and derivatives of these that 
are optically inactive because of internal compensation. 


Examples: meso-lanthionine, ms-cystine. 


Rule 6. Where the amino acid has two centers of asymmetry so consti- 
tuted that internal compensation is impossible, the form which has the L- 
configuration at the a-carbon atom is designated the L-amino acid and the 
form that has the opposite configuration at both asymmetric carbon atoms is 
designated the p-amino acid. 

1 


Examples: .-threonine, hydroxy-.-proline, L-isoleucine for the isomers derive‘ 
from proteins, p-threonine, hydroxy-p-proline, p-isoleucine for their optical isomers. 


The diastereoisomers of these substances are designated with the prefixes 
t-allo- and p-allo- joined directly to the name, the prefixed letter in each 
ease denoting the configurational family of the a-carbon atom. 


Examples: 1.-allothreonine, allohydroxy-t-proline, L-alloisoleucine, v-allothreo- 
nine, allohydroxy-p-proline, p-alloisoleucine 


Rule 7. Salts and derivatives of amino acids including peptides are desig- 
nated with the use of a small capital letter to denote the configurational 
family of the a-carbon atom or atoms, this letter being placed immediately 
before the name of the parent acid or its radical. The customary rules of 
nomenclature are otherwise observed. 


Examples: t-histidine monohydrochloride monohydrate, copper L-aspartate, D- 
ornithine dihydrochloride, acetyl-L-tryptophan, diethyl p-glutamate, 4-hydroxy-L- 
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proline, 3,5-diiodo-L-tyrosine, 8-hydroxy-pi-glutamic acid, L-leucyl-t-valine, gly- 
cyl-pt-leucine. For the purposes of this rule, phenylalanine is regarded as the name 
of the parent amino acid because of long established usage; thus N-benzoyl-.-phenyl- 
alanine, not N-benzoyl-8-phenyl-L-alanine. Names in which the prefixes involve 
amino acid configurations are treated similarly; thus, S(p-8-amino-6-carboxy- 
ethy!)-p-homocysteine for p-cystathionine. 


Rule 8. Where a trivial name is applied to a compound that contains two 
a-amino carboxylic acid groupings attached to dissimilar carbon chains, 
the configurational designation is that of the a-carbon atom of the smaller 
of the two chains. 


Examples: p-cystathionine for S(p-8-amino-8-carboxyethyl) -p-homocysteine, L- 
allocystathionine for S(L-8-amino-8-carboxyethyl) -p-homocysteine. 


However, the introduction of new trivial names should be avoided in the 
absence of compelling reasons. 


Background of Rules 


The term natural amino acids includes the a-amino acids that are 
liberated by the hydrolysis of proteins as well as a considerable number of 
amino acids and related substances found in plant and animal tissues as 
products of metabolism. By far the greater proportion of these substances 
belongs to the L system but, in recent vears, an increasing number of ob- 
servations has been made of the presence of amino acids of the opposite 
configuration, chiefly in products of the metabolism of lower organisms. 
Accordingly the term natural amino acid is no longer synonymous with the 
term L-amino acid. 

The present rules deal chiefly with substances that are the concern of bio- 
chemists and physiologists. They.are intended to solve certain of the 
problems of nomenclature in this field which have arisen because of the use 
in the literature of several different earlier systems for naming these sub- 
stances. The origin of the present confusion is traced in the following 
paragraphs. 

The early literature and such reference works as Abderhalden’s Handlezxi- 
kon and Beilstein name the amino acids with a prefix that shows the direction 
of optical rotation of an aqueous soludion of the substance at a reaction in 
the neutral range. Thus, for example, for the stereoisomers that are ob- 
tained from proteins, the names d-alanine, d-valine and /-leucine were used. 

Subsequently, a suggestion made by Wohl and Freudenberg (Ber., 56, 
309 (1923)) was widely adopted. According to this, the prefix was used 
only to denote the configurational family to which the a-carbon atom of the 
amino acid belongs, and the actual direction of rotation was indicated by 
a plus sign or a minus sign enclosed in parentheses. Thus, for the same 
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three substances, the names /(+)-alanine, /(+)-valine and /{—)-leucine 
were introduced. 

In recent years, it has been demonstrated that, in general, the stereoiso- 
mers of the amino acids that are obtained from proteins belong to 
the / family with respect to the configuration of the a-carbon atom. Asa 
result, these isomers are frequently spoken of as the l-amino acids and the 
individual substances mentioned above may appear as /-alanine, /-valine 
and l-leucine notwithstanding the fact that two of these names are different 
from the ones employed in the early literature. 

Even those chemists who carefully adhere to the Wohl-Freudenberg 
system of nomenclature differ among themselves in usage because there is 
no generally accepted convention regarding the solvent to be employed for 
the observation of the direction of the rotation. Certain chemists consist- 
ently use the direction in neutral aqueous solution; others prefer to use the 
direction of rotation in the presence of an excess of mineral acid, in part 
because some of the amino acids are so insoluble in water at neutral reac- 
tion that observation of the rotation is difficult, and in part because strongly 
acid solutions contain only a single ionic species and the rotation is there- 
fore not sensitive to moderate changes in the acid concentration. In most 
cases, both conventions wit. regard to the solvent lead to the same name, 
but there are six cases, cysteine, histidine, leucine, methionine, serine and 
tryptophan, where the water convention leads, for the isomers derived from 
proteins, to a name prefixed by /(—)-, while the acid convention leads to a 
name prefixed by l(+)-. 

The name threonine provides a still more difficult problem. When this 
substance was first isolated from proteins and thoroughly characterized by 
Rose in 1936, it was named d(—)-threonine in order to draw attention to 
the configurational relationship with p-thieose. Because of this derivation 
of the name, the prefix specifies that the a-carbon atom has the configura- 
tion of the l family and the 8-carbon atom that of the d family. However, 
the name constituted an exception to the otherwise invariable rule in amino 
acid nomenclature regarding the relation of the prefix to the configuration 
of the a-carbon atom. Confusion has already arisen since papers have 
appeared in which the isomer of threonine derived from proteins has been 
erroneously designated as l-threonine or /( — )-threonine. 


Comment on the Rules 


The present changes in the nomenclature of the amino acids are the out- 
growth of discussions on the part of the Editorial Board of The Journal of 
Biological Chemistry and the Editorial Committee of the American Society 
of Biological Chemists, with generous assistance from the Editorial Board of 
the Biochemical Journal and from the Committee on Nomenclature, Spell- 
ing and Pronunciation of the American Chemical Society 
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Rule | advocates the general use of a prefix to denote the configurational 
family of the a-carbon atom in the interests of absolute clarity. However, 
the prefix may be omitted where the context is such that there is no possi- 
bility of misunderstanding which isomer is under discussion as, for example, 
in papers that deal exclusively with the isomers derived from proteins. 
Similarly, papers that deal with the synthesis or properties of optically 
inactive mixtures or racemic compounds may likewise make use of the 
names without the prefix. Nevertheless the practice of employing the pre- 
fix at least once, as for example in the introduction or in the summary of 
the paper, is to be commended. In effect, this rule merely recognizes cur- 
rent custom in biochemical literature. 

The plus and minus signs employed in the Wohl and Freudenberg system 
of nomenclature were chiefly designed to emphasize the fact that the prefix 
referred only to the configurational family. They showed that a nomen- 
clature different from that previously employed was being used. With the 
substitution of capital letters, in analogy with the usage in the carbohydrate 
field, the special meaning of the symbols is sufficiently emphasized and no 
signs for the rotation are required. Rule 2 thus eliminates these signs to- 
gether with the need for a convention regarding the solvent to be employed 
for the observation of the rotation. Where an author wishes to emphasize 
the actual direction of the rotation, the specific rotation should be given in 
the text in the conventional symbols with a record of the temperature, the 
wave-length of the light, the solvent and the concentration of the solution 
orits density. It should perhaps be pointed out that the present rules have 
to do only with the naming of amino acids. They do not touch upon the 
techniques for measuring the rotation. 

\lthough the use of small capital letters is desirable in printed material 
mainly for esthetic reasons, typewritten material will of necessity employ 
ordinary capital letters. In a manuscript prepared for the printer, a double 
underline indicates that the symbol is to be set with a small capital letter. 

The application of Rule 2 in the case of threonine involves a change in 
the name originally given to the isomer of this substance isolated from pro- 
teins. The new name, L-threonine, has been accepted by Professor W. C. 
Rose, its discoverer. 

The fundamental difficulty in the naming of this substance arises from 
the fact that carbohydrate nomenclature is based upon the glyceric alde- 
hydes, the dextrorotatory isomer being by convention designated p-glyceric 
aldehyde. The configuration of the highest numbered asymmetric carbon 
atom determines the prefix that is used. If this configuration is that of p- 
glyceric aldehyde, the carbohydrate is a p-sugar. On the other hand, in the 
amino acid field, it is the configuration of the lowest numbered asymmetric 
carbon atom, 7.e. the a-carbon atom, that determines the prefix. The two 
systems are thus irreconcilable unless some device such as an additional 
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symbol is introduced to show that the capital letter prefix in the name L- 
threonine is used in the amino acid sense rather than in the carbohydiate 
sense, as might be inferred from the name threonine with its obvious ref- 
erence to the sugar threose. 

Rule 3 is formulated to deal with this situation and should be applied 
where any possibility exists of confusion between the meaning of the symbols 
in the two systems of nomenclature. ‘The subscripts s and g, respectively for 
serine and for glyceric aldehyde, were suggested as being suitable by Dr. 
C. 8. Hudson who pointed out that serine is the simplest amino acid that 
can be regarded as being related to the carbohydrates. The prefix 1,-, pro- 
nounced ell sub ess, attached to the name of an amino acid as, for example, 
L,-threonine, shows unequivocally that the prefix refers to the amino acid 
system of nomenclature and that it denotes the configuration of the a-car- 
bon atom. Even if carbohydrates are mentioned by name in the context 
with prefixed capital letters for their configuration, there would be little 
chance that confusion as to the exact meaning of the symbols might oceur, 
To eliminate even this small chance, the subscript g could be employed 
with the prefixes for the carbohydrate names. 

Custom dictates that the acids derived from the amino sugars shall be 
named in accordance with carbohydrate nomenclature even though they 
may be a-amino acids. Accordingly, in a context that includes the names of 
amino acids, glucosaminic acid should be named b,-glucosaminic acid, the 
prefix being pronounced dee sub gee, in order to make the meaning 
of the symbols unequivocal. In this substance, the configuration of the 
a-carbon atom also chances to be that of the p, family, but in the acid 
derived from D,-mannosamine (2-amino-2-desoxy-D,-mannose), the a-car- 
bon atom has the configuration of the L, family. Nevertheless, the name 
D,-mannosaminic acid (2-amino-2-desoxy-D,-mannonic acid) should be 
employed. 

The use of the subscript s added to the capital letter prefix in the nomen- 
clature of the amino acids should rarely be necessary in practice even in the 
ease of threonine. However, it must be remembered that the name L- 
threonine is at best a compromise; in this name, the two systems under 
which the capital letter is used to denote configuration come into unayoid- 
able conflict. Authors of papers in which any question arises concerning 
the configuration of the carbon atoms of threonine must therefore use ex- 
treme care in order to avoid the possibility of being misunderstood. 

Rule 4 provides for the case of amino acids or their derivatives of what- 
ever origin, the configuration of which has not been established. With 
such substances, the direction of the optical rotation serves to specify the 
isomer under consideration. Names assigned under this rule would, of 


course, be superseded as soon as the configuration had been established. 
Rule 5 continues present practice in the naming of those few substances 
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in which there are two asymmetric carbon atoms but which, being 
symmetrical in structure, are optically inactive by internal compensation. 
meso-Cystine and meso-lanthionine are the two best known examples but 
other cases such as diaminosuccinic acid and djenkolic acid exist. The 
abbreviation ms- may be employed if desired but not the abbreviation m- 
since this is reserved for meta. 

Rule 6 deals with the amino acids that have two centers of asymmetry in 
the carbon chain because a substituent group in addition to the a-amino 
group is present. Four optically active isomers and two optically inactive 
mixtures or racemic compounds exist. The rule follows the custom, in- 
troduced in the case of the isomers of isoleucine, of designating the diastereo- 
isomer of the substance that is obtained from proteins with the prefix allo-, 
and of using the capital letter prefix to denote the configuration of the a- 
carbon atom. No attempt is made under the present rules to designate the 
configuration of the second asymmetric carbon atom, since, where this is 
of importance, the matter can be more simply dealt with in the text. 

Rule 7 extends the use of the capital letter system to derivatives, salts 
and peptides of the optically active amino acids. The configurational 
designation is placed immediately before the name of the parent amino 
acid so that no confusion can arise when complex derivatives are named. 
Rule 7 likewise applies to systematic names. 

If strictly interpreted, this rule would require that the isomer of phenyl- 
alanine derived from proteins be named 8-phenyl-L-alanine since the sub- 
stance can be regarded as a substitution product of L-alanine. Unfortu- 
nately, 3-alanine, in which the amino group occupies the 8-position, is a well 
known substance, being found in the form of a radical in certain natural 
products and also as a product of the decarboxylation of aspartic acid. 
The use of the name 8-phenyl-L-alanine might therefore lead to misunder- 
standing; it seems wiser to treat the name phenylalanine, given by Schulze 
in 1881, as an exception to the rule, and regard it as the parent amino acid 
in naming derivatives. 

There are several other cases in which amino acids of importance in pro- 
tein chemistry have received analogous names which are partly structural, 
partly trivial; hydroxyproline, hydroxyglutamic acid, hydroxylysine, di- 
hydroxyphenylalanine and diiodotyrosine are the most important. The 
rules should be applied strictly in these and similar cases, for example, 
diiodo-L-tyrosine or, more specifically, 3 ,5-diiodo-L-tyrosine, 4-hydroxy-.- 
proline, 3-3 ,4-dihydroxyphenyl-L-alanine. Where the exact position of the 
second substituent group is still unknown or where its position is unimpor- 
tant to the context, the prefix which shows this position is omitted, for 
example, hydroxy-t-lysine, hydroxy-t-proline, diiodo-p.-tyrosine, dihy- 
droxyphenyl-.-alanine. 

Rule 8 extends the system to those few substances that have been given 
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trivial names and in which two amino acid groupings with different con- 
stitutions occur. Cystathionine is an example that has recently been fully 
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Present rules 


Alanine d (+) | UW+) | -alanine 
Arginine | d@ | W+) | U+) L-arginine 
Aspartic acid d | +) U(+) L-aspartic acid 
Cystine | l | &—) | W-) | L-cystine 
Cysteine* l | I(—) (+) L-cysteine 
Glutamic acid d l(+) l(+) |  u-glutamic acid 
Histidine* l l(—) (+) | L-histidine 
Hydroxyproline! l l(—) | U-) hydroxy-.-proline 
Isoleucine? d (+) | U+) L-isoleucine 
Leucine* l l(—) (+) | L-leucine 
Lysine d (+) U(+) | L-lysine 
Methionine* l Y—) | U+) L-methionine 
Ornithine® d W+) | UW+) L-ornithine 
Phenylalanine l l(—) l(—) L-phenylalanine 
Proline l -) | U-) L-proline 
Serine* l W—) | W+) L-serine 
Threonine‘ d d(—) | d(-) L-threonine 
Thyroxine® l } U(-) L-thyroxine 
Tryptophan* l l(—) l(+) L-tryptophan 
Tyrosine l l(—) l(—) L-tyrosine 
Valine d l(+) (+) L-valine 


* The amino acids marked with an asterisk are levorotatory in neutral aqueous 
solution and dextrorotatory in acid aqueous solution. 

1 The configuration of the y-carbon atom of hydroxy-u-proline has been shown by 
Neuberger (J. Chem. Soc., 1945, 429) to be that of the p family. 

2 The configuration of the 8-carbon atom of isoleucine has not been established 
with certainty. 

* Ornithine has not been isolated from proteins save after hydrolysis with alkali. 
Under these circumstances, pi-ornithine is obtained by secondary decomposition 
and racemization from L-arginine. t.-Ornithine has, however, been isolated from 
tyrocidine (Gordon, Martin and Synge, Biochem. J., 37, 313 (1943)) and from grami- 
cidin-S (Synge, Biochem. J., 39, 363 (1945)). 

‘ The configuration of the 8-carbon atom of threonine is that of the p family. 

§ Thyroxine is too insoluble in water or in acid for convenient observation of the 
rotation; it is levorotatory in alkaline solution. 


worked out. In this substance, a cysteine and a homocysteine radical are 
combined through a single sulfur atom. Octopine is a case in which the 
isomers still remain to be described. If the convention is adopted that the 
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configurational designation shall be that of the smaller of the two amino 
acid racicals and, in addition, the prefix allo- (this prefix is to be preferred 
to iso-) is employed to denote the diastereoisomeric analogue of the com- 
pound to which the trivial name was first assigned, an unequivocal set of 
designations becomes possible. The systematic name must, however, be 
relied upon if the configurations of both asymmetric carbon atoms are to be 
specified. 

The accompanying table shows the names of the isomers of the more im- 
portant amino acids derived from proteins under the systems of nomencla- 
ture previously in use and under the present rules. 


HvusBertT Braprorp VICKERY 


For the Editorial Board of The 
Journal of Biological Chemistry 








METHIONINE FORMATION BY TRANSMETHYLATION 
IN VITRO 


By HENRY BORSOOK anp JACOB W. DUBNOFF 


(From the William G. Kerckhoff Laboratories of the Biological Sciences, California 
Institute of Technology, Pasadena) 


(Received for publication, February 8, 1947) 


We reported in a previous communication (1) that guanidoacetic acid 
is methylated to creatine by rat liver slices in the presence of choline and 
either homocysteine or homocystine. Choline, homocystine, or homo- 
cysteine alone had little or no effect. These observations closed the gap 
which had existed between the evidence from tissue slice experiments on 
the one hand (2) and that from experiments in vivo on the other (3-5) re- 
garding the transfer of choline methyl in the formation of creatine. 

Two transmethylation reactions, one in which methionine, the other in 
which creatine is formed, were thus exposed for study. We had observed 
that the rate of methylation of guanidoacetic acid by choline is as fast or 
faster with homocystine than with homocysteine as the methyl carrier 
(1). This was surprising, as it might have been expected, a priori, that 
homocysteine would be the more effective methyl carrier, and it suggested 
that the two transmethylation reactions may have different characteristics. 
We had found an indication earlier (2) that the methylation of guanido- 
acetic acid by methionine is not a simple methyl transfer between the two 
substances in that the reaction is inhibited when respiration is inhibited, 
whether by anaerobiosis or by oxidation inhibitors. We undertook a study 
of methionine formation by transmethylation in rat liver and kidney slices 
and homogenates to obtain more information on this question, and also 
because of the physiological significance of the reaction in itself, to which 
no in vitro studies had as yet been devoted. 


Methods 


The animals used were adult white rats which had been bred from the 
Wistar Institute strain. They were killed by stunning; the liver and 
kidney tissue were sliced free-hand with a straight edge razor to an average 
thickness of 0.4 mm. The slices were rinsed in Krebs and Henseleit (6) 
Ringer’s solution without the bicarbonate and finally suspended in the 
same Ringer’s solution with such a concentration of bicarbonate that the 
pH, when equilibrated at 38° with 5 per cent carbon dioxide, was 7.4. 
The reactants were dissolved in the latter version of the Krebs-Henseleit 
bicarbonate Ringer’s solution. 
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The reaction vessels were 20 ml. beakers. They were placed in a closed 
chamber which was partially immersed in a water bath. The chamber 
was provided with a gas inlet tube through which the gas mixture was 
passed under slight pressure; the excess gas escaped under water through 
a slit in the side. The chamber could hold thirty beakers. When the 
latter were in place, the gas mixture was blown through vigorously for 10 
minutes, after which it was slowed down. Through the period of gassing 
and afterwards the chamber containing the beakers was rocked at a rate of 
about 80 cycles per minute. By prior tests it was ascertained that the 
evaporation from the reaction vessels in a 4 hour run was negligible. The 
temperature of the water bath was 38°. 

When homogenates were used, the tissue was removed and, without 
chilling, cut into small pieces and homogenized in the apparatus of Potter 
and Elvehjem (7) in isotonic phosphate-Ringer’s solution (6) at pH 7.4. 
The homogenate was strained through two layers of cheese-cloth. 

The lyophilized enzyme was prepared as follows. The tissue was sliced, 
the slices rinsed as described above, and then frozen on a block of solid 
carbon dioxide, transferred to flasks previously cooled to the temperature 
of solid carbon dioxide, and then dried under a high vacuum with the 
water trap kept in a bath of solid carbon dioxide in methyl] cellosolve 
(Mefford). The thoroughly dried tissue was pulverized. 

The first experiments were carried out with preparations of pL-homo- 
cysteine and of pit-homocystine, generously given us by Professor V. du 
Vigneaud. 

Later it seemed desirable to use the natural isomers. The starting 
material for their preparation was L-methionine obtained from casein by 
the method of Hill and Robson (8) with the following modifications. After 
the usual acid hydrolysis, removal of excess HCl, adjustment of the pH 
to 2.4, decoloration with charcoal and separation of the tyrosine, the pH 
was adjusted to 6.0 and the iron (presumably in the HCl and NaOH used) 
was removed by treatment with H,S. The removal of the iron clarified the 
solution further and facilitated the crystallization of the leucine and methio- 
nine. Methionine was separated from the leucine by the mercury pre- 
cipitation procedure described by Hill and Robson; after removal of the 
mercury the solution of impure methionine hydrochloride was concentrated 
nearly to dryness, dissolved in alcohol, and the solution brought to pH 6.0 
with concentrated NaOH instead of with pyridine, as recommended by 
Hill and Robson, and set away overnight in the ice box. Methionine 
which had crystallized out was removed, the mother liquor concentrated, 
alcohol added to 80 per cent concentration, the pH adjusted to 6.0 with 
concentrated NaOH, and set away in the ice box overnight. The second 
crop of methionine thus obtained was added to the first. The methionine 
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was purified further by a second mercury precipitation as described by Hill 
and Robson, and recovered from the mercury precipitate by the same pro- 
cedure as after the first mercury precipitation. The methionine was puri- 
fied finally by two precipitations with alcohol from water. 

Lt-Homocystine was prepared from L-methionine by the method of Butz 
and du Vigneaud (9), as modified by du Vigneaud and Patterson (10). 

t-Homocysteine was prepared from t-homocystine by reduction with 
sodium in liquid ammonia, following the procedure of Riegel and du Vig- 
neaud (11). 

Choline hydrochloride and betaine hydrochloride were used from several 
commercial sources. Dr. N. Horowitz kindly supplied specimens of the 
following compounds used: di- and monomethylethanolamine, mono- 
ethyldimethyl- and diethylmonomethylhydroxyethylammonium chloride, 
arsenocholine, phosphorylcholine, and homocysteinethiolactone. 

Methionine was determined by an adaptation of the method of McCarthy 
and Sullivan (12) which made the method more sensitive but somewhat 
less specific. The reduction in specificity was not significant under our 
experimental conditions, t.e. Ringer’s solution in which tissue slices or 
liver homogenates had been incubated and in which the methionine did not 
exceed 10 mg. per cent and the total of other amino acids 10 mg. per cent. 
The procedure was as follows: to 4 ml. of Ringer’s solution containing the 
slices were added 0.4 ml. of 30 per cent trichloroacetic acid; 2 ml. of filtrate 
were transferred to a 20 ml. beaker; 0.2 ml. of 5 Nn NaOH followed by 0.1 
ml. of 1 per cent freshly made sodium nitroprusside were then added. The 
resulting solution was warmed with gentle rocking in a water bath at 38° 
for 8 minutes, after which it was cooled in ice water until the temperature 
was below 4°, and then 1 ml. of an acid mixture consisting of 9 volumes of 
concentrated HCl and 1 volume of 85 per cent H;PO, was added with 
shaking. The beaker was again placed in ice water for 1 to 2 minutes, 
aftey which it was warmed to room temperature and then transferred to a 
vacuum desiccator in which the CO, was removed by 3 minutes suction. 
The color was then measured at 510 my in a Beckman spectrophotometer. 
Methionine standards were run simultaneously with the unknowns; the 
standard solution containing no methionine was used as the blank in the 
spectrophotometer. A straight line relation is obtained between the 
logarithm of the transmission and the concentration of methionine over the 
range, 0 to 10 mg. per cent. 

The method was tested by incubating known amounts of added methio- 
nine in Ringer’s solution with liver slices for 4 hours at 38°. The assay 
gave 98 per cent of the added methionine over a range of 0 to 10 mg. per 
cent after deducting the methionine liberated by the slices. The deficiency 
of 2 per cent was probably the result of oxidation of the added methionine. 
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The above modification of the MeCarthy-Sullivan method for the de- 
termination of methionine may be used only when the total concentration 
of non-methionine amino acids is of the order of 0.001 M or less. When the 
latter are present in higher concentration, the original recipe of McCarthy 
and Sullivan is advisable. 

Results' 


In Table I are summarized the results of experiments which show the 
formation of methionine by rat liver slices from homocysteine or homo- 
cystine and a suitable methyl donor. Larger yields of methionine were 
obtained under low oxygen tension (4 per cent Oz), or anaerobically, than 
under 95 per cent Oe, from homocysteine than from homocystine, whether 
under aerobic or anaerobic conditions, and with betaine than with choline 
as the methyl donor. The superiority of betaine over choline was greatest 
under anaerobic conditions and least under 95 per cent oxygen. The effect 
of oxygen tension on the yield of methionine was far less when choline was 
the methyl donor than when betaine was used. 

The following facts offer a qualitative and at least partial explanation of 
the higher yields of methionine under nitrogen than under oxygen and of 
the greater relative effect of anaerobiosis with betaine than with choline as 
the methyl donor. Homocysteine is more stable under nitrogen than under 
oxygen, presumably because it is protected from oxidation.2 Choline is 
rapidly oxidized by rat liver slices and homogenates to betaine on the 
alkaline (pH 7.8) and to betaine aldehyde on the acid (pH 6.7) sides of 
neutrality (13, 14). In its oxidation to betaine choline becomes a more 
effective methyl donor for methionine formation. Aerobiosis and anaero- 
biosis thus have opposite effects on the methyl donor and methy! acceptor 
when choline is the methyl! donor; hence the small difference in the yield of 
methionine under the two conditions. Betaine is not oxidized by rat liver 


1 Nearly all the results reported here were first obtained with the pL forms of homo- 
cysteine and of homocystine. The experiments were repeated with the natural 
isomers, and, as there were no essential differences between the two sets of exper- 
iments, only those of the latter are reported. 

? That homocysteine is protected by anaerobiosis was shown by the difference in 
the intensity of the transitory purple color after the addition of alkali and nitro- 
prusside in the first stage of the methionine determination. In the experiments under 
95 per cent oxygen with homocysteine the purple color was faint, and deep when they 
were conducted under nitrogen, even though more homocysteine was converted to 
methionine in the latter solutions. Similar results were found with homocystine; 
no purple color was seen after experiments under 95 per cent oxygen, a faint purple 
after the anaerobic experiments. In the latter case the color was less intense than 
when homocysteine was used under the same conditions. The purple color given by 
homocystine in the anaerobic experiments was qualitative evidence that it was re- 
duced to homocysteine. 
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slices or homogenates (13, 15). The greater yields of methionine under 
anaerobic conditions with betaine are then to be ascribed to the greater 
stability of the methyl acceptor. This explanation is offered only pro- 


TaBLe I 
Methylation of .-Homocysteine and of t-Homocystine by Choline and by Betaine 


Rat liver slices; 4 hours, 37.5°. The results are expressed as micrograms of methi- 
onine per 100 mg. of tissue (dry weight). 


91 per cent Ne +4 | 
Composition of gas mixture 95 per cent Os + per cent O2: + 5 95 per cent Nz + 


5 per cent CO: per cent CO, | 5 per cent CO: 
Initial concentration of | 28.8! 19.1. 9.6| 19.1! 9.6 | 19.1| 9.6 
methyl donor, mg. % 
Tissue alone | 75 | 7 | 7 | 92 | 55 72 119 
‘+ homocysteine | 104 = 104 104 | 259 | 207 183 223 
“4+ and | 207 | 167 (| 147 ‘| 362 (| 338 | 279 | 271 
choline | 
Tissue + homocysteine and | 254 | 215 | 163 | 716 | 470 {1019 | 721 
betaine | 
Tissue + homocystine 7 | 7% | 194 | 107 | 92 | 167 
" + - and | 107 107 =| 239 211 139 215 
choline 
Tissue + homocystine and 115 115 279 235 | 633 =| 525 
betaine 
Tissue + choline 75 75 75 95 55 | 72 119 
«+ betaine 75 


75 75 92 55 | «68 124 


Each of the figures in the table is the average of a triplicate. L-Homocysteine and 
L-homocystine were used. The initial concentration of each was in every case 12.5 
mg. per cent, and the volume of the reaction mixture was 4 ml. In any one experi- 
mental run the gas mixture and the concentration of the methyl donor were the 
same; the slices were obtained from the liver of one animal or from the pooled slices 
of the livers of twoanimals. The dry tissue weight in each reaction vessel was within 
the range, 15 to 30 mg. A number of experiments were carried out to observe the 
effect of varying the oxygen tension in the gas mixture, with slices from one animal. 
The results were essentially the same as those shown above; they were not selected 
for inclusion in Table I because, for physical reasons, the number of controls were 
limited, and the homocysteine and homocystine experiments had to be run 
separately in the latter experiment. 


visionally ; it needs the support of data on the rates of all the reactions and 
side reactions involved. 

In most, but not all, experiments there was an increase in methionine 
over the tissue blank when only homocysteine or homocystine was added, 
ie. not accompanied by an additional methyl donor. Presumably the 
methylation was effected by methyl donors in the liver slices; these were 
not removed even by washing the slices in Ringer’s solution for } hour. 
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In our studies on the methylation of guanidoacetic acid (1, 2) we found 
a considerable methylation by liver slices, even when no methionine was 
added. Until a sufficiently sensitive method for the determination of 
methionine was available, we were uncertain whether this “tissue” methy- 
lation might be ascribed to methionine liberated by the liver slices during 
the period of incubation or whether it was necessary to invoke some other 
methyl donor. The method for the determination of methionine used in 
this study was sufficiently sensitive. With it we have found that rat liver 
slices liberated methionine, under the conditions of the experiments on the 
methylation of guanidoacetic acid, in concentrations which ranged from 
0.2 to 1.0 mg. per cent; in 4 hours the total free methionine increased 
usually to about 3 times the zero time value. As the “tissue’’ methylation 
of guanidoacetic acid could be accounted for by a free methionine concen- 
tration of 3 X 10-* M, 7.e. approximately 0.5 mg. per cent, the methionine 
liberated by rat liver slices is sufficient, therefore, to account for the rates 
of methylation of guanidoacetic acid observed when no methionine is 
added to the Ringer’s solution. 

Cyanide, azide, arsenite, and arsenate do not inhibit the methylation 
of homocysteine or of homocystine (Table II). In fact arsenite increased 
the vield of methionine even under 4 per cent oxygen. The non-suscepti- 
bility of this transmethylation to oxidation inhibitors is in accord with its 
independence of oxygen. 

The possibility suggested itself, in view of the superiority of betaine to 
choline as a methyl donor in methionine formation, that the methylating 
action of choline may be via betaine; i.e., that betaine is the immediate 
methyl donor to homocysteine or homocystine and that the methyl group 
lost by such a donation is replenished by choline. The possibility was 
‘tested in a number of experiments in which varying small amounts of be- 
taine were added to the reaction mixture containing the methyl acceptor 
and choline. The choline concentration in these experiments was 3 times 
the molecular equivalent of the homocysteine and 6 times that of homo- 
cystine; the betaine concentration was varied from one-fifth to one-hun- 
dredth that of the choline. The results obtained argue against a carrier 
function of betaine. The effect of choline plus betaine was always less than 
the sum of their separate effects. 

In addition to betaine and choline a number of other possible methyl 
donors were tested. As Table III shows at the end of the 4 hour incu- 
bation with liver slices at 38°, no more and in some cases less methionine 
was found than when the methyl acceptor alone was added to the Ringer’s 
solution. The other possible methyl donors tested were dimethylethanol- 
amine, monomethylethanolamine, diethylmethylhydroxyethylammonium 
chloride, monoethyldimethylhydroxyethylammonium chloride, arsenocho- 
line, and phosphorylcholine. 
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These results illustrate one of the limitations of the tissue slice technique. 
The tissue slices contained significant amounts of methyl donors, even after 
being washed 3} hour in large amounts of Ringer’s solution. The failure of 
the five possible methyl donors other than betaine or choline to add, under 
our experimental conditions, to the rate of methylation effected by the 
methyl donors in the slices does not, in itself, indicate that they could not 


TaBLeE II 
Effect of Oxidation Inhibitors on Methylation of L-Homocysteine and of t-Homocystine 
by Choline and by Betaine 
Rat liver slices; 4 hours, 37.5°. The results are expressed as per cent of the methi- 
onine found after addition of homocysteine plus choline in the absence of an oxida- 
tion inhibitor. 


91 per cent Nz + 4 per cent O2 + 








Composition of gas mixture 95 per cent O: + 5 per cent CO; 5 per cent CO: 
Inhibitor None Cyanide! Azide | Arsenite, roll None | Azide |Arsenite. — 
| | } 
5 * pe ca a a passe ~ | ee uaead Pome 
Tissue alone 46 | 50 | 44 | 28 | 35 | 21] 15 | 4.5) 19 


“ + homocys- 100 116 99 | 163 | 100 | 100 75 «145 =| 114 


teine and choline 
Tissue + homocys- 115 121 103 | 324 | 119 | 112 87 | 155 | 121 


teine and betaine 


Tissue + homocystine 61 67 63 78 63 59 57 70 | 852 
and choline 
Tissue + homocystine 64 74 66 113 75 65 60 | 81 | 61 


and betaine 


t-Homocysteine and L-homocystine were used at a concentration of 12.5 mg. per 
cent. The volume of the reaction mixture was 4 ml. In the experiments with 95 
per cent oxygen the concentration of methyl donor was 28.8 mg. per cent and with 
4 per cent oxygen, 9.6 mg. per cent. The oxidation inhibitors were used in the form 
of their sodium salts and at a concentration of 0.001 m. In every experiment the 
controls consisted of tissue alone, tissue plus homocysteine, and tissue plus homo- 
cystine; the controls and the different reaction mixtures, all in triplicate, were run 
simultaneously in the absence and in the presence of one of the above oxidation 


inhibitors. 


do so in vivo. One possibility is that under our experimental conditions 
the above substances are not transformed to betaine or to choline fast 
enough to make their contribution to that of the methyl donors in the 
slices noticeable. 

The results summarized in Table III are in accord with those on growth 
(4, 16) in that none of the compounds which were found to be incapable of 
supporting growth with homocystine exerted any additive methylating 
effect under our experimental conditions. Monoethyldimethylhydroxy- 
ethylammonium chloride and phosphorylcholine will support growth 
with homocystine presumably because they are converted to choline (or 
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betaine) im vivo; they exerted no significant additive methylating effects 
in our experiments because, presumably, they were not converted to betaine 
or to choline sufficiently rapidly to augment noticeably in short period 
experiments the effect of the methyl donors in the slices. 


Tasie Ill 
Relative Rates of Methylation of .-Homocysteine, L-Homocystine, and of Homocysteine 
thiolactone by Various Possible Methyl Donors 
Rat liver slices; 4 hours, 37.5°. Excess methionine over tissue blank with 
homocysteine alone taken as 100. 


91 per cent Nz 


+ 4 per cent O; 95 per cent Ny 


95 per cent Op 


Composition of gas mixture i _o 4} § pes cent + 5S eo. 
Homocysteine 100 100 100 
- +- choline 217 220 270 
" + betaine 347 633 1905 
: + dimethylethanolamine 101 95 90 
+ monomethylethanolamine 65 99 93 
is + diethylmonomethylhy- 119 91 —20 
droxyethylammonium chloride 
Homocysteine + monoethyldimethylhy 150 100 120 
droxyethylammonium chloride 
Homocysteine + arsenocholine 76 
- + phosphorylcholine OF 
Homocystine 50 51 60 
- + choline 123 102 104 
+ betaine 165 180 208 
+ dimethylethanolamine 42 27 
+ monomethylethanolamine 138 — 240 
+ diethylmonomethylhy- - 138 0 
droxyethylammonium chloride 
Homocystine + monoethyldimethylhy BS —20 
droxyethylammonium chloride 
Homocystine + arsenocholine 21 
- + phosphorylcholine 11 
Homocysteinethiolactone 72 
" + choline 92 
betaine 254 
+ arsenocholine 20 
+ phosphorylcholine 49 


Table IIT also contains a summary of results obtained with homocysteine- 
thiolactone. It was transformed to methionine at a rate less than that of 
homocysteine (50 to 75 per cent) and slightly superior to that of homo- 
cystine. Betaine was in this instance also a more effective methyl donor 


than choline 
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rts Homocysteinethiolactone can replace homocystine for rat growth (17). 
ne | Methionineless mutants of Neurospora which can utilize homocystine as a 
od substitute for methionine use homocysteinethiolactone better, and homo- 
eysteine still better? Our findings with homocysteinethiolactone and 

these are in accord. 
Homogenized or lyophilized and dialyzed rat liver retain the ability to 


ne ' . . . ° . 

catalyze the methylation of homocysteine and of homocystine. Some 

th results with lyophilized liver are given in Table IV. Some activity is lost 
. 


TABLE IV 
Ne Methylation of t-Homocysteine and of L-Homocystine with and without Choline and 
Betaine by Lyophilized Rat Liver 
Nitrogen, 4 hours, 38°. The figures are mg. per cent of methionine in the tri- 
chloroacetic acid filtrates. 


Dialyzed enzyme used in each test 


Undialyzed powder equivalent to 100 mg. powder 


Reaction mixture 


Plus 


25 mg 100 mg. Alone dialysate | Plus ash | pe 

Homocysteine 1.25 6.0 3.5 4.1 3.2 4.1 

+ choline 1.40 6.6 3.6 4.3 3.0 4.2 

- + betaine 3.00 9.8 6.4 5.5 5.7 6.1 
Homocystine 0.6 4.2 
a + choline. 0.7 4.8 
+ betaine 0.8 7.7 

Choline 0.55 2.6 2.7 3.0 2.8 3.2 

Betaine 0.60 3.0 2.7 3.2 3.1 3.2 


The powder and reactants were dissolved in 0.1 m phosphate buffer at pH 7.0. The 
final volume was 4 ml. Concentrations of homocysteine and of homocystine were 
12.5 mg. per cent, of choline and betaine 37.5 mg. per cent. 


in lyophilization and a further loss occurs in dialysis. The loss in activity- 
indicates that there may be two mechanisms, one which uses choline, the 
other betaine; the former appears to suffer more loss in dialysis than the t 
latter. 

We have carried out a number of experiments with slices of rat kidney 
cortex. Methyl donors within (7.e. not washed out of) the kidney slices 
| effected about the same amount of methylation of homocysteine and 
if homocystine as did liver slices. Choline and betaine exerted only slight 
additive methylating effects. Unlike liver, kidney slices were more ef- 
fective under aerobic than anaerobic conditions. 


* Horowitz, N., unpublished experiments, private communication. 
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DISCUSSION 

The results of experiments reported here have established that there are 
at least two categories of transmethylation reactions: One, of which the 
methylation of guanidoacetic acid to creatine is an example, depends on 
oxygen and is inhibited by oxidation inhibitors; the other, represented by 
the formation of methionine from homocysteine or homocystine as the 
methyl acceptor and choline or betaine as the methyl donor, does not re- 
quire oxygen and is not inhibited by oxidation inhibitors. In the first 
category methionine can act as a methyl donor but choline and betaine 
cannot unless homocysteine or homocystine is present to serve as a methy!] 
carrier. Still another difference is that liver homogenates are unable, with 
or without added methionine, to methylate guanidoacetic acid; they retain 
their ability to catalyze methionine formation by transmethylation.‘ 

In the first category the direction of the methyl transfer is from an S$- 
methyl to an N-methyl and the reverse in the second category. This 
distinction may not be fundamental; it seems advisable to suspend judg- 
ment on this point at present. 

Perlzweig et al. (18) reported that rat liver slices can methylate nico- 
tinamide. The reaction is strictly aerobic, requires unbroken cells, is 
usually but not always accelerated by the addition of methionine, and the 
direction of the methyl transfer is from S-methyl to N-methyl, character- 
istics which place this methylation in the same category as the methylation 
of guanidoacetic acid. The two methylations are similar also in that they 
are restricted to the liver. 

Stetten (19) proposed a scheme of choline formation from betaine in 
which betaine is demethylated to glycine, the latter is reduced to ethanol- 
amine, which is then methylated to choline by methionine. ‘The direct 
participation of methionine was not established and the pathway of betaine 
methyl was left open. The observations reported here show that a methyl 
group of betaine is available for choline formation by way of its incorpora- 
tion into methionine and thus account for the physiological properties of 
betaine associated with its possessing a labile methyl group. Other possi- 
bilities are not excluded. 

Chandler and du Vigneaud (20) found that there was a lag of several days 
before growth was resumed after betaine was added to a diet containing 
homocystine and devoid of or very low in methionine and choline, whereas 
growth was resumed immediately after the addition of choline. Even 
after the lag, betaine was somewhat less effective than equivalent amounts 
of choline. Griffith and Mulford (21) found that 3 to 4 mg. of methionine 

‘ After this manuscript was submitted for publication we found that the methyla- 


tion of guanidoacetic acid by methionine occurs in guinea pig liver homogenates if 
adenosine triphosphate is provided. 
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or of betaine were required to give the same effect as 1 mg. of choline in 
preventing fatty liver or hemorrhagic kidney. As an explanation of the 
lesser efficiency of betaine than choline, the evidence Stetten obtained 
with N“ excluded direct reduction of betaine to choline. Our observations 
indicate that one route by which betaine methyl is made available for 
growth and for lipotropic purposes is via its incorporation into methionine, 
and hence its lower efficiency than choline for the latter function. None 
of the above observations excludes the possibility that ethanolamine may 
be methylated by betaine directly. 

When choline is oxidized to betaine, at least one of its methyl groups 
remains labile via incorporation into methionine. There is considerable 
evidence that choline can be oxidized to betaine in the body. Rat liver 
slices and homogenates rapidly oxidize choline to betaine aldehyde and 
betaine (13, 14); betaine has been found in considerable amounts in animal 
tissues (22-25) and has been isolated from the urine of animals on a betaine- 
free diet after being fed large amounts of choline (26). 

Although methyl transfer proceeds more rapidly from betaine than from 
choline, it seems unlikely from the evidence at hand that oxidation of 
choline to betaine is obligatory for this purpose. If it were, there should 
be little or no methionine formation with choline as the methyl donor under 
anaerobic conditions. Choline is effective under these conditions. 


SUMMARY 


1. Rat liver slices methylate homocysteine, homocystine, and homo- 
cysteinethiolactone to methionine. Choline or betaine can serve as the 
methyl donor. 

2. The speed of the reaction with each of the three methyl acceptors is 
fastest with homocysteine and slowest with homocystine. It is faster with 
betaine than with choline as the methyl donor. 

3. A number of possible methyl donors were tested; other than betaine 
and choline, none exerted a methylating effect which was additive to that 
of the methyl donors retained in the slices. 

!. These transmethylations are independent of oxygen and are not 
inhibited by oxidation inhibitors. 

5. Catalytic activity is retained in homogenized and in lyophilized rat 
liver. 

6. There are two (at least) categories of methyl transfer reactions. One 
is dependent on oxygen, is inhibited by oxidation inhibitors, and catalytic 
activity is lost by homogenization and is not restored by adding methionine, 
which accelerates the reaction with slices. In this category is the methyla- 
tion by methionine of guanidoacetic acid to creatine and of nicotinamide 
to N'-methylnicotinamide. Characteristics of the second category are 
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independence of oxygen, nonsusceptibility to oxidation inhibitors, and per- 
sistence of catalytic activity after cell structure is destroyed. In this 
category is methionine formation by the methylation of homocysteine, 
homocysteinethiolactone, or homocystine by betaine or choline. 


The authors wish to acknowledge the assistance of Miss I. Silberbach in 
the experiments reported here. 
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THE METHIONINE AND CYSTINE CONTENT OF HEN’S EGGS* 
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At the 1941 annual meeting of the American Society of Biological Chem- 
ists, one of us presented evidence that the amino acid composition of the 
egg may be influenced by feeding the hen a diet rich in protein (1). We 
now offer experimental results showing how the methionine and cystine 
content of the egg can be changed by varying the protein in the hen’s diet 
according to its high or low methionine content. 

MeFarlane, Fulmer, and Jukes (2) found no changes in the amino acid 
composition of the egg proteins when they varied the basal diet of the 
hens from 10 to 16 per cent crude protein. A higher protein supplement 
as a dietary influence would have been more appropriate to test the con- 
stancy of the amino acid composition of the egg proteins. 

Calvery and Titus (3) did not observe any change in the amino nitrogen 
distribution in egg albumin and vitellin prepared from eggs laid by hens 
fed a diet in which the protein was furnished exclusively by wheat, corn, 
orsoy bean. Similar feeding experiments were carried out with pigeons by 
Gerber and Carr (4). They observed differences in the N distribution in 
the egg proteins (Van Slyke) and in the immunological behavior in rats 
sensitized to egg proteins. Their finding points to the probability of 
change in the amino acid composition of the egg protein induced by the 
ingestion of the various feeds. 

If the amino acid composition of the different egg proteins is considered 
constant, then an increase in an amino acid in the egg may mean that the 
protein content of the egg has increased or that the proportions of the vari- 
ous egg proteins have changed. An increase in total protein content would 
naturally bring about proportional increases in all of the amino acids, and 
the cystine-methionine ratio would not be changed. However, we will 
show that the cystine-methionine ratio does not remain constant and that 
the levels of these two amino acids are independent of the total N in the 
egg. 

Variations in the protein components of egg white were noted by Longs- 
worth, Cannan, and MacInnes (5). They found that the albumin content 


* This is the ninth in a series of papers on amino acids in staple foods. 
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of the egg white varied from 60 to 70 per cent and the conalbumin from 13 
to 18 per cent. 

It is known that the ratio of white to yolk changes in eggs of an individual 
hen. The influence of the diet and the laying season on these changes are 
not known. 

Because of the high biological value of egg proteins, the egg is one of the 
most valuable supplementary foods in human nutrition. A change brought 
about in the composition of the egg in amino acids, especially the indispens- 
able ones, is a significant finding in relation to its biological value. This 
may also be important for the developing chick, since the materials stored 
in the egg are the only available nutrients for the growing embryo. 


EXPERIMENTAL AND DISCUSSION 


Rhode Island Red hens in their 2nd laying year were used in these experi- 
ments. The chickens were kept in laying batteries. They were on a low 
protein diet for at least a month before they were fed the high protein diet. 
The low protein diet had the following composition in percentages: ground 
y°llow corn 87, alfalfa leaf meal 5, steamed bone meal 4.5, buty] fermenta- 
tion solubles (250 y of riboflavin per gm.) 0.5, limestone flour 2, manganized 
salt (6 per cent MnSQ,) 0.5, iodized salt 0.2, vitamins A and D oil 
(400 A. O. A. C. units of vitamin D and 2000 1.v. of vitamin A per gm.) 
0.3, corn-starch 6.0. This low protein diet contained approximately 9 gm. 
of crude protein, 0.18 gm. of cystine, and 0.26 gm. of methionine per 100 
gm. of feed. Three high protein diets were prepared from the low protein 
formula by replacing 20 parts of corn-meal in two of the diets with casein 
or gelatin, and in the third, 50 parts of corn-meal with soy bean meal. 
Among the diets used in our experiments, the casein-high protein diet was 
the richest in methionine (0.75 per cent), but rather low in cystine (0.22 
per cent). The soy bean-high protein diet contained equal amounts of 
methionine and cystine (0.4 per cent), and the gelatin-high protein diet had 
0.36 per cent of methionine, but less cystine (0.16 per cent) than 
that present in the low protein feed. 

The eggs were collected and weighed daily, and if not hydrolyzed on the 
same day, they were kept at 5° in a cold storage room until analyzed. 
When additional methionine was fed, the quantities stated in Figs. 1 and 2 
were mixed in approximately 30 gm. of the high protein experimental diet 
and were fed to the chickens. When this was consumed, the chickens were 
allowed to feed ad liitum on the experimental diet for the remainder of the 
day. 

The methods used for the determination of cystine and methionine have 
been published (6, 7). Therefore, the remarks concerning both methods 
will be limited to the details pertinent to the analysis of eggs. The eggs 
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were opened at the small end, and the contents were allowed to flow directly 
in the hydrolyzing flask (300 cc. round bottom Pyrex). The crushed shell 
was pushed in the flask and then 50 ce. of concentrated HCI were added. 
The action of the HC] with the egg shell in the presence of the egg contents 
caused foaming, but when the flask was shaken gently three or four times 
during an hour the foaming subsided. (The use of antifoaming agents, 
such as butyl or caprylie alcohol, is not recommended.) Then the flask 
was placed in an oil bath and the contents refluxed for 24 hours at the tem- 


TABLE | 
Relationship between Egg Weight and Niti rogen, Cystine, and Methionine Content 











. Egg Content Egg Content 
Hen’s diet RR _ — ——— Hen’s diet *BE 
meet | Niro- |cystine| | je | Nitro Icystine| Meth 
em. me me. | me. | gm. | mg. me. q me. 
Low protein | 55.1 | 1003 | 144] 156 | High protein | 58 978 | 166 198 
56.4 | 1045 | 138 | 184 (soy bean) | 59.3 | 952] 152| 180 
61.1 | 1124 | 156 | 200 | 59.7 | 978 | 162] 185 
High “ 47.7 | 874] 145] 132 | | 60.3 | 1050} 178} 210 
(gelatin) | 49.5 | 863} 133) 140 | 60.3 | 1006 | 154 | 188 
52.6 | 940; 128] 160) | 60.9 | 1009 132} 158 
55.1 1014 157 | 163 | 61.3 | 1068 | 167} 192 
56.5 975; 140] 199 61.8 | 1014 | 171] 184 
High protein 65.6 | 1310) 173 | 234 | 2.2 | 1076 | 163 | 203 
(casein) 62.5 | 1035 153 200 
High protein | 53.1 996 146 156 | 62.5 | 1099 | 167 | 236 
(soy bean +/| 58.1 | 939 156 | 186 | | 64.3 | 1133 | I8L | 225 
0.1 gm. DL- 59.2 | 1124 171 190 | 
methionine) | 60.4 | 967 156 | 195 | 
60.4 1011 | 184 | 204 | 
60.5 982 16] 190 
61.3 | 1039 | 163 | 207 | 
61.5 1149! 151 188 | 
63.0 | 1222 | 147 | 207 | 














perature of boiling hydrochloric acid. After hydrolysis the total volume of 
the egg hydrolysate (100 to 125 ec. generally) was determined at room 
temperature. The hydrolysate was then filtered and suitable aliquots were 
taken for cystine, methionine, and nitrogen determinations. 

In the 5 ce. aliquot taken for cystine, it was not necessary to drive off the 
excess acid by boiling. This 5 ce. aliquot was diluted to a 25 cc. volume and 
a 10 ce. aliquot of this was used for the cuprous-cysteine separation. The 
recommended quantity of acetate buffer was ample to take care of the pH 
requirement (6). It is expedient to use 20 mg. of carboraffin at the final 
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stage of Cu precipitation with sodium thiosulfate to remove a yellowish pig- 
ment usually present in egg hydrolysates. 

A 10 ce. aliquot of the egg hydrolysate was used for the methionine deter- 
mination (7). Duplicate samples of | ce. of 1:10 egg hydrolysate were 
taken for nitrogen determination by the micro-Kjeldahl method of Pregl as 
modified by Clark (8). 

The three proteins, casein, soy bean, and gelatin, which we chose to en- 
rich the hen’s diet, differed in respect to their origin (animal and plant) 
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Fic. 1. The influence of dietary protein and methionine supplementation on the 


cystine and methionine content of the egg (Hen 1 


and also in their methionine and cystine content. There were changes in 
the weight of the egg and in the eystine, methionine, and nitrogen contents 
of the eggs laid by a hen which was fed a high and low protein diet. How- 
ever, there was no definite consistent relation between the weight of the egg 
and its methionine, evstine, or nitrogen content (see Table I). 

Although the data arranged according to increasing egg weights show no 
definite proportionality between the weight of the egg and its nitrogen con- 
tent, it may be noted that the larger eggs (over 60 gm.) contain more nitro- 
gen than do the smaller eggs (under 50 gm.) 
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Fluctuations are present in the methionine and cystine content of the 
eggs obtained on the low protein as well as on the various high protein diets, 
as shown in Figs. 1 and 2. Furthermore, an increase in methionine was not 
always followed by an increase in cystine and vice versa. 

We assume that these fluctuations are normal physiological variations 
that may be caused by the limitation of the necessary components required 
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Fic. 2. The influence of dietary protein and methionine supplementation on 
the cystine and methionine content of the egg (Hen 2) 


for the formation of the proteins of the yolk and white. This limitation is 
undoubtedly related to feed intake. The data in Fig. 1 indicate the rela- 
tionship between the level of methionine and cystine in the eggs and the 
daily feed intake of a hen. 

While theoretically the hen could furnish methionine or cystine from its 
own reserve protein to complete the synthesis of egg protein, this does not 
seem to be the case. When the dietary protein is incomplete (20 per cent 
gelatin in the diet), or when the protein in the diet is low, egg production 
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stops. Apparently, the hen relies on the constituents of the feed for the 
synthesis of egg protein. 

The data showing the average methionine and cystine values and the 
weights of the eggs from hens on the low protein and the high protein diets 
are summarized in Table II 


ras.e Il 


Influence of Diet on V eight and Cystine and V ethionine Content of llen’s Eggs 


* 


(Average Values and Standard Errors 


No. | Hen’s diet ‘sped | Bexwelhe| Se | pre 
| m m m 
l | Low protein 16 » 138 195 
+0.48 $4.2 2.7 
| High -" casein 21 +60.9 :-181 + 206 
| +0.4 2.6 1.9 
po“ “ “ + 0.5 gm. 61.0 175 207 
| methionine 
High protein (soy bean) IS 57.5 144 171 
+0.S0 +4.7 +4.6 
os [*, ©. + 7 57.9 143 166 
gm. methionine) +5.) $6.9 +6.9 
| High protein (gelatin) s 56.4 155 186 
+1.2 +4.1 +5.6 
2 Low a 16 60.3 158 192 
+2.S8S8 +1.41 +1.43 
/High “ — (casein 23 62.0 +185 234 
$0.6 + 2.04 +3.93 
‘“ se (gelatin 5 52.1 142 —158 
+1.5 +51 +11.1 
(soy bean + 0.1 10 60.2 161 197 
gm. methionine) £0.96 +4.0 +7.2 
High protein (soy bean 2 61.1 162 196 
+0.49 +3.8 +6.0 


* The bold-faced figures are statistically significant increases (+) or decreases 


When the high protein diet containing 20 per cent casein was fed, the 
average methionine and cystine content and the weights of the eggs were 
higher than those obtained on the low protein diet. Statistical analysis of 
the data showed these increases to be highly significant. Comparison of 
the results obtained by feeding the high protein diets containing 50 per 
cent soy bean meal or 20 per cent. gelatin with those obtained from the low 
protein diet indicates a tendency for the egg weight and the methionine 
content to decrease. The 20 per cent casein diet gave higher cystine values 
in the eggs than did a 50 per cent soy bean meal diet; yet the soy bean diet 
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contained upproximately 2 times as much cystine as did the casein. The 
most plausible explanation for this increase in the cystine content of 
the eggs is that cystine is synthesized from the other components in the 
diet, especially methionine. Supplementing the high protein diets that 
contained casein or soy bean meal with synthetic methionine did not 
materially affect the methionine and cystine content of the eggs. Daily 
methionine addition to the hen’s diet in quantities of 6.5 gm. and over had 
a tendency to stop egg production (see gelatin feeding, Fig. 1). When we 
obtained eggs in isolated instances, after supplementation with 1 gm. of, 
methionine on 3 successive days, the methionine and cystine content of the 
eggs did not differ from those laid previous to the methionine addition. In 
order to increase the levels of these two amino acids in the egg, the methio- 
nine must be in the hen’s diet in sufficient quantity and in peptide form. 
The difference in the rate of absorption between the free and bound amino 
acid, which later undergoes cleavage, may be the explanation for this find- 
ing. 

We think that the ¢ystine and methionine content of an egg cannot be 
considered constant ard may depend upon the hen’s dietary protein. 

The experiments offered above reveal the importance of the quantity 
and quality of the protein in the feed as a determining factor in establishing 
high levels of these sulfur-containing amino acids in the egg. 


SUMMARY 


Fluctuations were observed in the methionine and cystine content of the 
hen’s eggs laid in consecutive order by hens which were kept either on a low 


ora h 


igh protein diet. These interim changes are, however, normal phys- 
iological variations. 

Statistically significant increases were established in cystine and methio- 
nine values when a low protein diet was changed to a bigh by supplementa- 
tion with casein (20 per cent). 

Feeding synthetic methionine as a supplement did not affect the level of 
cystine und methionine content of the egg. Apparently, to increase the 
levels of these two amino acids in the egg, sufficient methionine must be in 
the hen’s diet in peptide form. 
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The possible réle of the a,8-unsaturated amino acids in the intermediary 
metabolism of the amino acids has received recurrent attention since Dakin 
(1) and Bergmann (2) suggested that the biochemical dehydrogenation of 
amino acids might involve the formation of derivatives of aminoacrylic acid 
(dehydroalanine). Direct evidence for this hypothesis has proved to be 
elusive thus far, since, even if formed, the dehydroamino acids may be ex- 
pected to undergo rapid hydrolysis with the formation of the corresponding 
keto acid and ammenia. The acylated dehydroamino acids, however, are 
stable compounds (2-6) and lend themselves to studies on their possible 
participation in enzyme-catalyzed metabolic reactions. Thus, Bergmann 
and Schleich (7) discovered an enzyme (dehydropeptidase) specifically 
adapted to the hydrolysis of peptide bonds in compounds such as glycylde- 
hydroalanine or glycyldehydrophenylalanine. Although the physiological 
role of dehydropeptidase remains obscure, its presence in numerous animal 
tissues (8) gives support to the view that the dehydroamino acids, or their 
derivatives, represent active participants in intermediary protein metabolism. 

A number of years ago it was suggested (9) that there may exist metabolic 
analogues to the chemical reactions between keto acids and acid amides, 
described by Bergmann and Grafe (4) and later studied by Shemin and 
Herbst (10). Such reactions lead to the formation of acyldehydroamino 
acids, according to the following scheme. 


CHR’ CHR’ CHR’ 
| ! H. 

R—CO-NH; + CO —~+ R-—-CO-NH—C — + R-—-CO-NH—CH 
| | | 
COOH COOH COOH 


If Group R in the above reaction sequence is considered to represent the 
remainder of an amino acid residue, the biological coupling between con- 
densation and reductive reactions of this type would offer a metabolic 
pathway for the synthesis of peptides (9). The occurrence of enzyme- 

* These studies were aided by grants from the Rockefeller Foundation, the James 
Hudson Brown Fund of the Yale School of Medicine, and the Williams-Waterman 
Fund of the Research Corporation. 
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catalyzed reactions between amino acid amides and keto acids has been 
postulated recently (11) in order to explain the effect of pyruvie acid in 
accelerating the desamidation of glutamine and asparagine by liver ex- 
tracts. 

In the present communication, additional evidence is offered for the 
possible participation of acylated dehydroamino acids in metabolic re- 
actions. The data presented in this paper show that several acetylde- 
hydroamino acids are metabolized by growing cultures of Escherichia coli. 

Absorption Spectra of Acetyldehydroamino Acids—The study of the 
biochemical transformation of the derivatives of acrylic acid is notably 
facilitated by the characteristic ultraviolet absorption spectra of this 
group of compounds. Thus, Warburg and Christian (12) were able to 
employ the selective absorption at 2400 A of phosphoenolpyruvie acid 
as an index of the formation or disappearance of this substance in the 
presence of enolase. Similarly, Carter and Greenstein (13) have followed 
the action of dehydropeptidase on glycyldehydroalanine by means of a 
spectrophotometric method in which there is measured the rate of the 
disappearance of the absorption at 2400 A. 

For the spectrophotometric study of the biochemical transformation of 
derivatives of aminoacrylic acid, the aromatic members of this group are 
especially suitable. As is well known, tyrosine exhibits characteristic 
absorption bands in the near ultraviolet region of the spectrum. The 
position in the wave-length scale and the magnitude of the maxima of these 
bands depend on several factors, notably the pH of the solution (14). 
However, when a ,8-unsaturation is present in an acyl derivative of one of 
these aromatic amino acids, the observed absorption spectrum is markedly 
different from that for the parent amino acid derivative. This is illus- 
trated in Fig. 1, where the absorption spectra of acetyldehydrotyrosine and 
acetyltyrosine are compared in both acid and alkaline solutions. As in the 
ease of the tyrosine derivatives, the comparable derivatives of phenyl- 
alanine and dehydrophenylalanine show appreciable differences in the 
position and magnitude of their absorption maxima (cf. Table I). The 
marked increase in the molecular extinction coefficient and the shift to a 
longer wave-length, caused by the introduction of a double bond in conju- 
gation with the benzene ring, may be attributed to the greater resonance of 
the dehydro compound, as compared with the parent acylamino acid. 

The intense absorption of the aromatic acyldehydroamino acids in the 
near ultraviolet makes them valuable for biochemical studies, especially 
in the presence of tissue extracts which absorb strongly at wave-lengths 
near 2400 A, where the aliphatic dehydroamino acid derivatives show 
selective absorption. For this reason, studies on the purification and 
properties of dehydropeptidase, which have been under way in this labora- 
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tory,’ have involved the use of glycyldehydrophenylalanine as the sub- 
strate. 

In Fig. 1, the absorption spectra of p-hydroxyphenylpyruviec acid are 
included. The coincidence in position on the wave-length scale of the 
absorption maximum of the keto acid at pH 2 with that of acetyltyrosine, 
and at pH 11 with that of acetyldehydrotyrosine, may be taken as an 
expression of the pronounced enolization of the keto group in alkaline 
solution. 
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Fic. 1. Absorption spectra of acetyldehydrotyrosine and related compounds in 
acid (pH 2) and alkaline (pH 11) solution. Curves 1, a and 1, b, acetyldehydroty- 
rosine; Curves 2, a and 2, b, p-hydroxyphenylpyruvic acid; Curves 3, a and 3, b, acetyl- 
L-tyrosine. 
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The position and magnitude of the maximum extinction coefficients of a 
number of acetyldehydroamino acids and their derivatives are given in 
Table I, and provide the basis for the quantitative data which are presented 
in what follows. 

Transformation of Acetyldehydrotyrosine by Escherichia coli—In a pre- 
vious communication (18) it was shown that a tyrosineless mutant of 
Escherichia coli (strain 58-5030) cannot utilize acetyldehydrotyrosine or 
acetyl-L-tyrosine for growth on a tyrosine-deficient medium. However, 
when acetyldehydrotyrosine was present in a medium containing L- 
tyrosine, thus permitting bacterial growth, it was found that the EZ. coli 
caused the disappearance of the characteristic absorption of the acetyl- 
dehydroamino acid at 3050 A. The further study of this phenomenon 


1 Yudkin, W. H., and Fruton, J. 8., unpublished experiments. 
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involved the use of a strain of 2. coli (K-12) which will grow on a medium 
containing glucose, asparagine, and salts (19). 

The data in Table IT show that incubation for 48 hours at 25° has re- 
sulted in almost complete disappearance of the characteristic band of 
acetyldehydrotyrosine in acid solution. This result was noted not only 
with the bacterial strains K-12 and 58-5030, but also with strain 58-278, 
which is a phenylalanineless mutant of Escherichia coli. 


TABLE | 
Molecular Extinction Coefficients of Acetyldehydroamino Acids and Related Compounds 


Substance Wave-length ae 
pH 2 pH 11 
A 

Acetyldehydrotyrosine-H,O (2)t 3050 21,100 
3300 23 ,050 

Acetyl-L-tyrosine (15) 2750 1,505 
2925 2,200 

p-Hydroxyphenylpyruviec acid (16) 2800 4,900 
3300 7,250 

Acetyldehydrophenylalanine (3) 2825 15,400 
2725 13,840 
Acetyl-L-phenylalanine (15) 2575 250 240 

Phenylpyruvie acid (17) 2875 1,290 

Acetyldehydroleucine (6 2400 4,360 

Acetyldehydroalanine (4) 2400 4,600 





* Determined by means of a Beckman ultraviolet spectrophotometer. 

+ The figures in parentheses refer to bibliographic references. 

t No distinctive absorption band was noted in the spectrum of this compound. 
The extinction coefficient at 2400 A thus does not represent the value for an absorp- 
tion maximum 


The question may be raised as to whether the transformation of acetyl- 
dehydrotyrosine is a property of actively growing Escherichia coli or whether 
“resting” cells are also capable of effecting this reaction. An experi- 
ment was accordingly set up in which strain K-12 was inoculated into a 
minimum medium and grown for 48 hours at 25°. The cells were then 
harvested by centrifugation, and resuspended in 10 cc. of a medium con- 
taining salts and 2 mg. of acetyldehydrotyrosine, but no sugar or aspara- 
gine. This suspension was incubated for 48 hours at 25°, together with 
appropriate controls containing no acetyldehydroamino acid. Acidified 
filtrates were prepared in the manner described in Table II and the absorp- 
tion at 3050 A was then determined. In contrast to the nearly complete 
disappearance of the absorption at 3050 A observed for the acid filtrates 
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obtained with actively growing bacteria, only a slight decrease (12 per 
cent) was noted in the case of the “resting” cells. It would appear, 
therefore, that the conversion of the acetyldehydroamino acid is associated 


TaBie II 
Effect of Escherichia coli on Acetyldehydroamino Acids 

Escherichia coli were inoculated into 10 cc. of a minimum medium containing 2 mg. 
of the acetyldehydroamino acid. In experiments with the bacterial strain 58-5030 
(tyrosineless), 0.1 mg. of pL-tyrosine and 0.01 y of biotin were also present, while, 
in the case of strain 58-278 (phenylalanineless), there were added 0.1 mg. of pt-phenyl- 
alanine and 0.01 y of biotin. The tubes were incubated at 25° for 48 hours. After 
this time, 2 ec. of 20 per cent trichloroacetic acid were added and the suspension was 
filtered by gravity into a 250 cc. volumetric flask. The solid matter on the filter was 
washed thoroughly with water, and the combined filtrate and washings were diluted 
to 250 cc. Control experiments were set up in which the medium contained no 
acetyldehydroamino acid. These were treated as above and the filtrates were used 
as comparison blanks in the Beckman spectrophotometer. Further controls were 
run in which the media containing acetyldehydroamino acid were not inoculated 
with bacteria. These were incubated as above and, after acidification and dilution 
to 250 cc., were read in the spectrophotometer against a sample of the acidified and 
diluted minimum medium to which no acetyldehydroamino acid had been added. 

















Optical density of diluted 

Acetyldehydroamino acid Inoculum acid filtrate 
Wave-length Log I/Ie 

A 

Acetyldehydrotyrosine None 3050 | 0.702 
2750 | 0.352 
= | EB. coli (58-5030) 3050 | 0.021 
2750 0.066 
. | “ “ (K-12) 3050 =—s( 0.034 
| 2750 | 0.070 
= “© ** (58-278) 3050 | 0.033 
2750 0.072 
Acetyldehydrophenylalanine None 2825 0.608 
2575 | 0.332 
= E. coli (K-12) 2825 0.542 
2575 0.316 
Acetyldehydroleucine None 2400 0.194 
" E. coli (K-12) |. 2400 0.188 
Acetyldehydroalanine None 2400 0.242 


x E. coli (K-12) 2400 0.025 





with metabolic processes which proceed during the period of active bac- 
terial growth. 

That the transformation of acetyldehydrotyrosine occurs during the 
period of growth is further indicated by the data presented in Table III. 
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Comparison, at different time intervals following inoculation of the medium, 
of the extent of growth and the extent of conversion of acetyldehydro- 
tyrosine shows that nearly all of the acetyldehydroamino acid has disap- 
peared when the bacterial growth has attained a half maximum value. 

Effect of Escherichia coli on Other Acetyldehydroamino Acids —It will be 
noted from the data presented in Table II that, in contrast to acetylde- 
hydrotyrosine, acetyldehydrophenylalanine is metabolized only slightly 
by growing Escherichia coli under the conditions of these experiments. 
Under similar experimental conditions, the absorption of acetyldehydro- 
leucine at 2400 A is not decreased appreciably following incubation with 
E. coli, and it would appear, therefore, that this aliphatic acetyldehydro- 


TABLE III 
Relation of Bacterial Growth to Conversion of Acetyldehydrotyrosine by Escherichia coli 


Bacterial growtl Optical density of oe f 
Time after inoculation diluted acid filtrate | 5.) me pete 87 
; at 3050 At dehydro compound 
Density* at 
hrs. per cent log Isle per cent 
0 0 0 0.675 0 
23 . 66 0.0351 20 0.625 7.4 
28 0.0458 26 0.553 1S. 
31.66 0.0706 41 0.187 72.3 
35.75 0.1079 62 0.038 4.4 
48 0.1739 100 0.016 97.6 


* Determined by means of an Evelyn photoelectric colorimeter. 
+t The diluted acid filtrates were prepared as described in Table I. Their ultra- 
violet absorption spectra were determined with, as comparison blanks, solutions 


obtained from bacterial cultures of the same age, but to which no acetyldehydro- 
The extent of bacterial growth was found to be 


tyrosine had been added initially. 
Under these 


the same in the presence or the absence of the dehydro compound. 
experimental conditions, therefore, this substance does not exert a detectable inhibi- 
tory effect on the growth of strain K-12 of Escherichia coli 
amino acid is more resistant to bacterial action. On the other hand, 
acetyldehydroalanine is readily metabolized by growing F. coli, as judged 
by the disappearance of the band at 2400 A. 

Isolation of Metabolic Product Derived from Acetyldehydrotyrosine—The 
examination of the spectrophotometric data in Table II offers some in- 
formation as to the possible fate of the acetyldehydrotyrosine metabolized 
by the growing bacteria. It will be noted that, at the end of the incubation 
period, the absorption at 2750 A is notably higher than that at 3050 A. 
Indeed, the complete absorption curve for the diluted acid filtrate has its 
maximum near 2750 A. In alkaline solution, the maximum is shifted to 
2900 A. Qualitatively, these data suggest that acetyldehydrotyrosine 
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has been converted, in large part, to a derivative of tyrosine, since the 
maxima near 2750 A (in acid) and near 2900 A (in alkali) appear to be 
characteristic of such phenolic compounds. The presence of an appre- 
ciable quantity of p-hydroxyphenylpyruvic acid would appear to be ruled 
out by the negligible absorption at 3300 A in alkaline solution. Therefore, 
if hydrolytic cleavage of acetyldehydrotyrosine to the keto acid had been 
effected by the bacteria, this product must have undergone further trans- 
formation. 

In order to determine more definitely the fate of the acetyldehydrotyro- 
sine, an attempt was made to isolate a distinctive metabolic product from a 
large scale incubation mixture. 2 liters of minimum medium containing 
400 mg. of acetyldehydrotyrosine were inoculated with Escherichia coli 
(strain K-12) and incubated at 25° for 48 hours. The mixture was then 
acidified and concentrated to a volume of 100 cc. under reduced pressure 
at a bath temperature of 40-45°. The concentrate was extracted with 
ten successive 75 ec. portions of ethyl acetate and the combined ethyl 
acetate extract was evaporated to dryness. The residue was dissolved in 
hot water, treated with charcoal, and the partially decolorized filtrate 
was concentrated to a volume of 5 ec. Upon chilling this solution, 148 mg. 
of rod-shaped crystals were obtained which, after recrystallization from 
water, had a melting point of 133-134°. On analysis, the substance was 
found to contain 57.51 per cent carbon, 5.26 per cent hydrogen, and 6.81 
per cent nitrogen. The recrystallized product, obtained in another 
isolation experiment by the procedure outlined above, melted at 132-133° 
and gave analytical values of 57.42 per cent carbon, 5.27 per cent hydrogen, 
and 6.78 per cent nitrogen. The sodium fusion test for the presence of 
sulfur or halogen proved to be negative. If it is assumed that the isolated 
material contains only carbon, hydrogen, nitrogen, and oxygen, the ana- 
lytical data cited above agree satisfactorily with the empirical formula 
CyHyO.N (theory, carbon 57.41 per cent, hydrogen 5.31 per cent, nitrogen 
6.69 per cent). Free amino groups were found to be absent as judged by 
the Van Slyke nitrous acid method (reaction period, 20 minutes). The 
absence of titratable carboxyl groups was established by titration with 
0.01 N alcoholic KOH, with methyl red or brom-thymol blue as the indi- 
cator. A 1 per cent solution of the substance in water has a pH of about 4. 
The substance gave a red color with the Millon reagent, and a violet color 
with ferric chloride. A 1.2 per cent solution of the product in water failed 
to exhibit any optical rotation when examined in a 1 dm. polarimeter tube. 

The examination of the ultraviolet absorption spectrum of an aqueous 
solution containing 0.055 mg. of the substance per cc. (cf. Fig. 2) showed a 
maximum, in acid solution (pH 2), at 2725 A (log J/J) = 0.325) and, in 
alkaline solution (pH 11), at 2875 A (log J/J) = 0.672). If the empirical 
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formula deduced from the analytical data also represents the molecular 
formula (mol. wt. 209.2), the values of the molecular extinction coefficients are 
Emax, = 1240 (at 2725 A in acid solution) and én.x, = 2560 (at 2875 A in 
alkaline solution). 

It was found, further, that, following treatment of the product with 10 
per cent hydrochloric acid at 100° for 4 hours, the neutralized solution 
contained no t-tyrosine, as judged by a microbiological assay with the 
tyrosineless mutant strain of Escherichia coli as the assay organism (18), 
Under similar conditions of hydrolysis, acetyl-pi-tyrosine yielded the 
expected amount of L-tyrosine. 

It may be added that attempts to obtain, by the isolation procedure 
outlined above, a similar substance from cultures of Escherichia colt grown 
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Fig. 2. Absorption spectra of the product obtained following bacterial conversion 


of acetyldehydrotyrosine. Concentration, 0.055 mg. per ce. Curve a, in acid solu- 
tion (pH 2); Curve b, in alkaline solution (pH 11). 


in the absence of acetyldehydrotyrosine were unsuccessful and, further- 
more, that the concentrated aqueous solution obtained following ethyl 
acetate extraction showed no appreciable ultraviolet absorption in the 
region 2700 to 3000 A. 

Possible Nature of Metabolic Product—Since the properties of the sub- 
stance and the empirical formula derived from the analytical data do not 
accord with those of any known simple derivative of acetyldehydro- 
tyrosine, the elucidation of the chemical structure of the metabolic product 
requires further experimental work. Certain tentative conclusions as to 
its nature may be drawn, however. The presence in the molecule of the 
phenolic group is indicated by the color reactions and, more importantly, 
by the position and magnitude of the absorption maxima in acid and 
alkaline solution. Moreover, the absorption data support the idea that 
the a,8 double bond of acetyldehydrotyrosine has disappeared, in view of 
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the similarity between the absorption spectra of the isolated product 
with those of tyrosine and its derivatives. The spectra also suggest that 
oxidation of the benzene ring to give a derivative of dioxyphenylalanine is 
unlikely, since this amino acid exhibits absorption maxima (€max, = 2680 at 
2800 A at pH 2; é€msx, = 8650 at 3000 A at pH 11.5) which are rather 
different from those of tyrosine. 

It would appear that the acetamino group of acetyldehydrotyrosine 
has been retained, since, upon hydrolysis with 10 per cent hydrochloric 
acid at 100° for 4 hours, free amino groups are liberated. Analysis of an 
aliquot of the hydrolysate (representing 3.66 mg. of the substance) by the 
Van Slyke nitrous acid method (reaction time, 20 minutes) gave 0.165 mg. 
of amino nitrogen. This represents 66 per cent of that to be expected 
(0.249 mg. of amino nitrogen). It cannot be stated at present whether 
the incomplete liberation of amino nitrogen is due to incomplete hydrolysis 
of the acetamino group or to the failure of the amino group to react quan- 
titatively with nitrous acid during the 20 minute reaction period. 

The empirical formula indicates that the isolated substance has 1 carbon 
atom less than acetyldehydrotyrosine, and the titration data suggest that 
decarboxylation has occurred. However, to account for the 2 oxygen 
atoms not included in the phenolic hydroxyl and the acetamino group, 
it seems necessary to assume that, during the bacterial conversion of 
acetyldehydrotyrosine there occurred oxidation of the side chain. The 
data secured thus far support the working hypothesis that the substance 
is a derivative of N-acetyltyramine in which the carbon side chain has un- 
dergone oxidation. In particular, the possibility that the substance may 
be a derivative of 6-hydroxyoxindole is under investigation. 

Little can be said at present concerning the sequence of reactions in- 
volved in the bacterial conversion of acetyldehydrotyrosine. It would 
appear, however, that acetyl-L-tyrosine is not an intermediate in this 
process, since, following incubation of acetyltyrosine with growing Es- 
cherichia coli (strain K-12), the medium contains, after acid hydrolysis, the 
expected amount of L-tyrosine (based on a microbiological assay with the 
tyrosineless mutant of Escherichia coli). Prior to acid hydrolysis, no 
growth-promoting activity can be detected (cf. (18)). Thus, acetyl- 
tyrosine seems to be more resistant to the action of the growing bacteria 
than is the corresponding dehydro compound, and it is unlikely, therefore, 
that the bacterial conversion of acetyldehydrotyrosine involved the direct 
reduction of the a,8 double bond. 


SUMMARY 


Growing cultures of Escherichia coli effect the transformation of several 
acyldehydroamino acids, with the resultant disappearance of the charac- 
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teristic selective absorption of these substances in the ultraviolet region of 
the spectrum. In the case of the bacterial conversion of acetyldehydro- 
tyrosine, there appears an appreciable quantity of a nitrogenous phenol 
whose structure remains to be elucidated. 
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Proger and his coworkers have reported that intravenously adminis- 
tered cytochrome c is capable of mitigating the physiological effects of 
anoxia (1-5). In view of these reports it was thought that cytochrome 
e might be of value in preventing cyanide intoxication. Albaum, Tepper- 
man, and Bodansky (6) showed that sodium cyanide (5 mg. per kilo) 
injected intraperitoneally produced a 50 per cent inhibition of rat brain 
cytochrome oxidase. Increasing the intracellular concentration of cyto- 
chrome c might, conceivably, raise the level of respiration through the 
uninhibited fraction of the cytochrome oxidase in animals so poisoned. 
Experiments designed with this idea in mind failed to demonstrate, as 
will be shown below, any effect of cytochrome c in cyanide-poisoned rats. 
Further work was then carried out in an attempt to confirm two findings 
which Proger and his group had reported, which were susceptible of ob- 
jective and quantitative measurement. These were the effects of cyto- 
chrome c on the organ content of easily hydrolyzable phosphorus and the 
survival times of anoxic rats. 

The resynthesis of adenosine tri- and diphosphate from adenylic acid 
and inorganic phosphate is coupled to oxidative processes (7) and should 
be diminished under conditions of anoxia. The organ content of adenosine 
tri- and diphosphate parallels the content of easily hydrolyzable phos- 
phorus (7-9). Further, under conditions of anoxia the blood level of lactic 
acid increases (10). In our experiments the amount of easily hydrolyzable 
phosphorus of heart and kidney, the blood level of lactic acid, and the meas- 
urement of survival times were used to determine the effect of anoxia on 
rats and to measure the value, if any, which cytochrome c has in the treat- 
ment of anoxia. 


Materials and Methods 
Rats—Wistar strain white rats were used. These were maintained on a 
diet of Gaines’ dog ‘‘krunchon” supplemented by meat, fruit, vegetables, 
milk, and cod liver oil. 
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Phosphorus—Kasily hydrolyzable phosphorus was determined by meas 
uring the amount of inorganic phosphate released after 7 minutes hydrolysis 
at 100° in 1 N sulfuric acid. Analyses, before and after hydrolysis, were 
carried out by the method of Fiske and Subbarow (11). All analyses 
were performed in duplicate and the average difference between duplicates 
was 0.7 per cent, with a standard deviation of 1.36 per cent. 

Lactic Acid—Lactie acid was determined by the method of Barker and 
Summerson (12), modified to the extent that the concentrated sulfuric 
acid was added, with mechanical stirring, to the sample in an ice bath 
and the copper-calcium precipitation was eliminated. 

The average difference between duplicates was 1.5 per cent, with a 
standard deviation of 2.2 per cent. The use of mechanical stirring in 
place of hand shaking made the procedure much less tedious and gave more 
uniform mixing. The mean value for blood lactic acid found in five normal 
rats, 3 months old, was 30.8 mg. per cent when determined directly on the 
trichloroacetic acid filtrate and 30.4 mg. per cent after copper-calcium 
precipitation. 

Cytochrome c—Cytochrome ¢ was prepared according to the method of 
Keilin and Hartree (13) from beef hearts. The dialyzed solution was at 
first kept at 4° without a preservative. Bacterial growth was soon noted 
and the cytochrome c was repurified, dried from the frozen state in vacuo, 
and kept at 4°. The enzymatic activity was tested according to the pro- 
cedure used by Keilin and Hartree (13), with both ascorbic and succinic 
acids as substrates and rat brain homogenate as a source of cytochrome 
oxidase. With ascorbic acid as substrate the cytochrome c preparation 
showed an average oxygen uptake of 263 ¢.mm. of oxygen per hour per mg. 
of cytochrome c under the following conditions: 38°, pH 7.4, total volume 
of reactants 3.0 ml., containing 29.2 mg. of fresh homogenized rat brain. 
Under the same conditions, but with succinic acid as substrate, the average 
oxygen uptake was 101 c.mm. of oxygen per hour per mg. of cytochrome c. 

The purity of the cytochrome ¢ preparation was tested with a Beckman 
photoelectric spectrophotometer and the extinction coefficients given by 
Rosenthal and Drabkin (14). The value for the ratio of the extinction at 
550 my to that at 535 my for reduced cytochrome c in 0.2 N sodium hydrox- 
ide was 3.86. Rosenthal and Drabkin reported 3.89 for this ratio. The 
concentrations of all cytochrome solutions used were determined by 
spectrophotometric analyses. In converting spectrophotometric values toa 
weight basis, 16,500 was used as the molecular weight of cytochrome c. 

Iron analysis of the cytochrome c preparation, after repurification, by 
the method of Drabkin (15) and also by sulfuric acid-hydrogen peroxide 
digestion, gave an iron content of 0.349 per cent. 

An aqueous solution of the cytochrome ¢ preparation containing approxi- 
mately 0.5 per cent sodium chloride was used for injection. 
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Oxygen— Cylinders of 3 per cent oxygen-97 per cent nitrogen were used 
(Matheson). Analysis of the gas in the Van Slyke manometric apparatus 
(16) gave values of 3.9 per cent oxygen and 96.1 per cent nitrogen. The 
gas present in the liter bottle after a rat had been in it for 8 minutes, under 
conditions of flow used in the experiments, was also analyzed. The aver- 
ages of three analyses were 3.5 per cent oxygen, 0.9 per cent carbon dioxide, 
and 95.6 per cent nitrogen. 

For the survival experiments a lower percentage of oxygen was needed, 
and this was obtained by diluting 7 parts of the 3.9 per cent oxygen with 
2 parts of 100 per cent nitrogen. The mixture was made by means of the 
flowmeters removed from a “midget kinet-o-meter” anesthesia machine 
(Ohio Chemical and Manufacturing Company). This mixture, analyzed 
in the Van Slyke manometric apparatus, consisted of 2.8 per cent oxygen 
and 97.1 per cent nitrogen. 

Respirator—The respirator (Marco air pump, model B2, J. B. Maris 
Company, Bloomfield, New Jersey) delivered gas at a pressure of 80 
mm. of water through a tracheal cannula, and was run at 100 cycles per 
minute. Expiration was passive. 

Trichloroacetic Acid—Baker’s c.p., analyzed material was used. 5 
per cent solutions were made up freshly each morning and kept in the 
refrigerator until used. 

Sodium Pentobarbital (Nembutal, Abbott)—A solution containing 60 
mg. per ml. of nembutal in 10 per cent alcohol, marketed as “veterinary 
nembutal,” was used. A dosage of 45 mg. per kilo was given intraperi- 
toneally. 

Sodium Cyanide—Baker’s c.p. material was used. Titration against 
silver nitrate showed it to be 95.7 per cent sodium cyanide. The dosage 
was always calculated in terms of cyanide ion and solutions for use were 
made freshly each day. 


EXPERIMENTAL 
Cytochrome c and Cyanide 


Experiment I. Nembutal Anesthesia; Easily Hydrolyzable Phosphorus 
and Lactate—Paired, litter mate white rats of the same sex and between 
4 and 6 months old were used in this experiment. Each rat of a pair was 
anesthetized with nembutal and, after 12 minutes, one (test) was given 
cytochrome c (20 mg. per kilo; solution containing 10 mg. per ml.), and the 
other (control) was given an equal volume of 0.85 per cent sodium chloride 
solution, by injection. With the exception of the nembutal, all injections 
in this and subsequent experiments were made into the femoral vein. 
5 minutes after the injections intratracheal artificial respiration with air 
was started. This was necessary because injections of sodium cyanide were 
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followed almost immediately by a brief tachypnea, and then by a period 
of apnea lasting 1 or 2 minutes. Administration of 5 per cent carbon 
dioxide without artificial respiration did not prevent the apnea. Arti- 
ficial respiration made it possible to assume that the effects measured were 
due to cyanide and not to anoxia. 10 minutes after the cytochrome ¢ 
or saline injections sodium cyanide (1.1 mg. of cyanide per kilo; solution 
containing 2.2 mg. of cyanide per ml.) was injected intravenously over a 
TABLE I 
Effect of Cyanide on Blood Lactate and 7 Minute Kidney and Heart Phosphorus in Rats 
with and without Previously Injected Cytochrome c 

Each set of rats was of the same litter and sex. Group 1 was given 2 ml. per kilo 
of 0.85 per cent sodium chloride solution; Group 2, 20 mg. per kilo of cytochrome c 
(10 mg. per ml.). All rats received 1.1 mg. per kilo of CN (2.2 mg. per ml.). Corre- 
lation of litter mates was taken into account in the test of significance. 


ss ea|  Weehtotmams | | | Miamdtgetane | iene elt ES | iooton! ok tale 
Group 1 Group 2 Group 1! Group 2 | Group 1 | Group 2 | Group 1 Group 2 

gm. gm. me me. me Mme. ms mg. 

l 277 292 M. 58.0 45.4 8.3 6.5 16.7 15.6 
2 363 |= «310 44.3 62.7 7.3 9.8 18.7 14.5 
3 345 377 " 39.1 76.3 10.1 9.0 22.4 15.3 
4 324 308 sic 59.3 63.4 9.3 12.3 19.2 17.9 
5 230 215 F. 97.6 101.0 8.1 8.5 18.6 11.8 
6 223 235 ¢ 101.0 63.6 9.6 10.2 16.2 16.2 
7 303 316 M. 54.7 i4.5 6.3 8.8 | 13.0 14.1 
Ss 227 208 F. $9.5 85.2 1.4 3.6 11.3 9.1 
9 373 355 M. 37.6 68.4 8.6 7.4 18.4 | 14.3 
10 335 330 is $4.8 16.5 7.6 7.5 10.9 | 16.1 
ll 275 270 n 60.2 17.6 8.6 8.1 15.4 17.9 

12 | 200 | 292 | “ | 63.9 | 64.8 | 


Mean of differences, Groups 


2 and | 2.45 0.32 —1.64 
P 0.74 0.53 0.18 


10 minute period. During the infusion the abdomen was opened. Imme 
diately on completion of the cyanide injection, the left kidney was clamped, 
excised, and weighed on a torsion balance and then homogenized in 100 
ml. of cold 5 per cent trichloroacetic acid in a Waring blendor for 2 minutes. 
The interval from the time the kidney was clamped until it was placed in 
acid was always 30 seconds. 0.5 ml. of blood was taken from the heart 
and delivered into 50 ml. of 5 per cent trichloroacetic acid. The heart 
was then excised, weighed, and placed in 100 ml. of cold 5 per cent tr- 
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chloroacetic acid in the Waring blendor 1} minutes after the kidney had 
been clamped, and homogenized for 2 minutes. The heart and kidney 
homogenates were filtered, and the filtrates analyzed for easily hydrolyzable 
phosphorus; the filtrate of the blood was analyzed for lactate. 

It was necessary to control the time intervals at which the organs were 
removed and the trichloroacetic acid homogenates prepared, because the 
labile phosphorus compounds are unstable and appreciable breakdown 
can be detected in dog brain within 5 seconds of its removal from the 
animal (8). 

Resulis--The values found in this experiment are presented in Table I. 
The differences between the results on the test’ and control animal of 
each pair of litter mates were found, and from these differences the value 
of Fisher’s ¢ and the corresponding value of P (17), representing the prob- 
ability that the observed differences were due to chance, were determined. 
The probabilities in Table I indicate that there are no significant differences 
between those members of the pairs given cytochrome ¢ and those given 
saline. 

For comparison, the average values of easily hydrolyzable phosphorus 
of kidney and heart and of blood lactate in six rats treated exactly as 
the control, except that they were given saline in place of cyanide as well 
as in place of cytochrome c, were as follows: kidney 7 minute phosphorus, 
11.0 mg. per 100 gm. of fresh tissue; heart 7 minute phosphorus, 21.4 mg. 
per 100 gm. of fresh tissue; blood lactate, 23.1 mg. per 100 ml. of blood. 

With the dose of cyanide given none of the animals died before the 
heart was excised, although the heart rate dropped from about 400 to about 
150 per minute during the evanide infusion. 


Cytochrome ¢ and Low Oxygen Mixtures 


Experiment 11. Nembutal Anesthesia; Easily Hydrolyzable Phosphorus 
and Lactate-—This was similar to Experiment I, but cyanide was omitted 
and artificial respiration with 3.9 per cent oxygen was given for 5 minutes 
instead. ‘Triplet litter mate rats of the same sex, between 2 and 4 months 
old, were used. One rat of each set (designated as Group | in the tables) 
served as the control and was given 0.85 per cent saline and then arti- 
ficial respiration with air. The second rat (Group 2) was given 0.85 
per cent saline and subjected to artificial respiration with 3.9 per cent 
oxygen. The third rat (Group 3) received cytochrome ec (22.8 mg. per 
kilo; solution containing 11.4 mg. per ml.) and was subjected to artificial 
respiration with 3.9 per cent oxygen. The saline or cytochrome ¢ was 
given 12 minutes alter the nembutal, and artificial respiration with air or 
3.9 per cent oxygen was begun 10 minutes after the saline or cytochrome c 
injection. The volume of the saline or evtochrome ¢ solution injected was 
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2.0 ml. per kilo. Tissue homogenates were prepared according to the 
same schedule that was used in Experiment I. 

Results—The results are shown in Table II. Differences between the 
values found in Groups | and 2 and the corresponding P values show a 
highly significant difference between the two populations, indicating that 


TABLE II 


Effect of Exposure to 3.9 Per Cent Oxygen on Blood Lactate and 7 Minute Kidney and 
Heart Phosphorus in Rats with and without Previously Injected 
Cytochrome ec (Nembutal Anesthesia) 


Each set of rats was of the same litter and sex. Group | was pretreated with 
saline, then given artificial respiration with air; Group 2 was pretreated with saline, 
then given artificial respiration with 3.9 per cent oxygen; Group 3 was pretreated with 
cytochrome c, then given artificial respiration with 3.9 per cent oxygen. Correlation 
of litter mates was taken into account in the test of significance. 
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a Rat weight = Blood lactate per 100 mi. | Kidney 7 min. P per | Heart 7 ie oe 

No. . 
|Group Group |Group | | Group | Group | Group Group) Group Group | Group | Group! Group 
4 2 3 1 2 3 1 2 al ear 2 3 

gm. gm. gm. | | me. me me. me. me. e | meg | mg. | mg. 

1 295 304 | 278 ra 27.7 66.4 75.4, 9.9 8.9 8.0 21.5 16.0 |19.2 
2) 245 | 245 | 227 | “ 23.3 | 84.2 66.3, a.8 8.3 9.7 | 19.4 |16.3 (16.7 
3) 185 | 181 | 186 | F. | 28.0 | 119.8 | 107.4) 11.0) 7.9 7.0 | 22.0 |15.3 |18.9 
4| 264 | 278 | 256 | M. | 24.4 91.4 | 92.8) 10.5) 10.4 10.4 | 20.1 |19.3 18.2 
5) 163 | 160 168 | F. 30.9 70.8 92.4) 12.3] 11.9 7.5 | 16.5 |13.0 14.0 
6, 292 | 299 | 303 | M. | 22.7 83.2 | 97.5) 8.6) 5.8! 5.9 | 18.3 |14.6 |15.3 
7) 222 | 252 | 268 | “ | 39.9 58.1 81.8 10.1 7.6 6.1 | 19.8 12.2 |11.4 
8| 257 | 254 | 282 | “ | 18.4 79.6 83.5, 9.9 9.4 7.4 | 22.8 |22.2 |19.0 
9 150 158) 168) F. 15.1 46.1 32.0) 13.7, 9.9 9.9 | 23.1 (17.1 |14.9 
10; 152 | 161 | 155 | “ 15.6 14.8 45.6) 12.7 11.7 | 10.2 | 22.8 |19.6 |18.7 

Mean of differences, 49.8 —1.72 —4.07 
Groups 2 and 1 

P <0.01 <0.01 <0.01 

Mean of differences, 2.91 —0.95 0.07 
Groups 3 and 2 


r 0.53 0.10 >0.90 


the effects of the low oxygen mixture on the phosphorus and lactate values 
are real. Differences between values found in Groups 2 and 3 give P 
values showing no significant difference between these members of the 
set, indicating that there is no evidence that cytochrome c¢ is more ef- 
fective in preventing the measured effects of 3.9 per cent oxygen than is 


saline. 
Experiment II]. Ether Anesthesia; Easily Hydrolyzable Phosphorus 
and Lactate—This experiment was performed to eliminate the possibility 
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that the nembutal may have interfered with oxygen utilization by the 
rat. Jowett and Quastel (18) have shown that the oxygen uptake of rat 
brain slices is diminished by about 10 per cent when phenobarbital is 
present in concentrations roughly equivalent to that necessary to produce 
narcosis in vivo. The same workers reported (19) that ether, in con- 


TaBLe III 
Effect of Exposure to 3.9 Per Cent Oxygen on Blood Lactate and 7 Minute Kidney and 
Heart Phosphorus in Rats with and without Previously Injected Cytochrome 
c (Ether Anesthesia) 

Each set of rats was of the same litter and sex. Group 1 was pretreated with 
saline, and remained in air; Group 2 was pretreated with saline, then placed in 3.9 per 
cent oxygen; and Group 3 was pretreated with cytochrome c, then placed in 3.9 
per cent oxygen. Correlation of litter mates was taken into account in the test of 
significance. 






































ra Rat weight ? | Blood lactate per 100 ml. ry ae Yd eh 9 ow 
- Group 'Group |Group Group | Group | Group |Group| Group | Group | Group |Group |Group 
1 2° | 3 we ee oe 1 2 3 1 2 3 
em. gm. | gm | mg. | mg. ms. meg. me. mg. meg. mg. mg. 
1} 218 | 211 | 231 |M.| 18.4 | 140.0 133.0) 7.6 | 7.2 | 4.6 | 21.1 | 16.6) 16.2 
2,215 185 174 | “ | 39.2 | 120.0 | 126.0) 7.7 | 5.9 | 3.9 | 19.8 | 11.0) 13.4 
3) 215 | 217 | 215 ” | 35.0 | 152.0 | 185.0| 6.6 | 2.8 | 3.4 | 17.7 | 12.3) 11.0 
4) 150 | 166 | 166 PF. | 43.9 | 141.0 | 136.0) 9.0 | 7.5 | 7.8 | 19.9 | 17.3) 14.7 
5 143 | 130 | “ | | 128.0 | 141.0 5.7 7.2 13.1) 9.1 
6 | 170 | 168 - | | 188.0 | 161.0 6.9 | 4.7 14.9) 14.9 
7,172 | 144 | 148! “ | 39.6 | 185.0 | 174.0) 6.5 | 3.7 | 4.0 | 19.6 | 21.4) 17.4 
8 246 | 205 | 194 M. | 24.4 | 135.0 | 137.0) 5.5 | 5.3 3.8 | 20.5 | 16.6) 13.7 
i) 155 | 166 | “ | | 126.0 | 104.0 | 4.5 7.3 16.6) 13.1 
10 165 | 163 F. | | 184.0 | 164.0) | 3.8 | 6.6 14.6| 17.3 
ll! 171 | 170 | 165 | “ 52.8 | 206.0 187.0) 9.1 3.0 | 6.0 | 21.2 9.1) 14.1 
| 

Mean of differences, | 110.8 —2.37 —5.07 
Groups 2 and 1 

P <0.01 0.025 0.025 

Mean of differences, —0.64 0.27 | —0.78 
Groups 3 and 2 | 


P >0.90 | 0.68 | 0.41 


centrations similar to those found in the blood in surgical anesthesia, 
does not significantly impair the oxygen uptake of rat brain or liver slices. 
In this experiment the rats were anesthetized only for the period required 
to give the saline or cytochrome c¢ injections. Artificial respiration was 
not used. 

Sets of triplet litter mate rats of the same sex, fasted overnight, were 
used. ‘These rats were about 3 months old. The first rat (Group 1) 
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was given 0.5 ml. of saline and permitted to breathe air. The second rat 
(Group 2) received 0.5 ml. of saline, and after 10 minutes was placed in a 
jar containing 3.9 per cent oxygen with the gas flowing through the jar at 
300 ml. per minute. The third rat (Group 3) was given 0.5 ml. of saline 
containing 5.7 mg. of cytochrome ¢ and placed in the jar containing 3.9 
per cent oxygen after 10 minutes. 18 minutes after the saline or eyto- 


TasB_ie L\ 
Survival Time of Rats in 2.8 Per Cent Oxygen with and without Previously 
Injected Cytochrome c 
Group | was pretreated with saline; Group 2 was pretreated with cytochrome ¢; 
both rats were placed in 2.8 per cent oxygen simultaneously. Correlation between 
members of each set due to identity of sex and similarity in weight and age taken 


into account in test of significance. 


Rat weight Survival time Rat weight Survival time 
Set — . . Set " . - — 
No Group | Group = Group Grou No Group | Group 7 Group Grcup 
1 2 1 2 1 i 2 1 2 
m gm min min gm. em. min. min. 
1 S4 S4 M. 11.70 12.48 14 138 139 F. 8.05 11.32 
2 122 107 $ 14.18 9.58 15 182 152 * 13.42 17.37 
3 9] 105 8 18.92 24.90 16 131 132 ~¢ 9.77 19.28 
$f | 102 82 | F. 7.00 3.93 | 17 | 102 92 | M. 9.57 7.58 
5 83 84 - 6.75 8.75 IS 128 128 F. 11.00 5.03 
6 | 102 99 x 6.55 11.73 19 132 126 = 10.45 8.42 
7 M4 90) - 12.37 15.58 20 72 106 “ 6.88 15.35 
Ss 78 78 M. 12.18 13.80 21 222 220 M. 7.15 5.30 
9 i19 112 5.50 6.70 22 218 222 * 17.12 15.22 
10 55 60 sd 10.55 1.40 23 212 210 ; 10.70 12.35 
11 95 SS - 8.17 7.13 24 215 240 ii 13.93 6.93 
12 4 6u - 9.30 13.42 25 207 196 7 7.50 9.00 
13 100 &2 a 6.13 5.87 
Mean of differences between Groups 2 and | 0.66 
P 0.45 


chrome ¢ injections, the rats were removed from the Jar and 5 seconds later 
were decapitated. Blood was collected in a beaker containing heparin. 
The heart was excised, weighed, and placed in 100 ml. of cold 5 per cent 
trichloroacetic acid 55 seconds after decapitation. The kidney was in 
acid 12 minutes after decapitation. The preparation of the filtrates 
and the analyses were performed as in the previous experiments. 

Results -The results of the experiment, given in Table IIT, again show 
that, although a significant change in the easily hydrolyzable phosphorus 
and lactate values was produced by the 3.9 per cent oxygen, cytochrome 
¢ was no more effective than saline in preventing these changes. 
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Experiment IV. Survival Time of Rats in Low Oxygen with and without 
Cytochrome c—-This experiment was designed to determine whether rats 
given cytochrome ¢ could survive in an atmosphere of low oxygen content 
longer than rats given saline. A mixture containing 2.8 per cent oxygen 
was used because the survival time of rats varied too greatly (8 to 420 
minutes) in 3.9 per cent oxygen. 

Paired rats of the same sex, age, and approximate weight, but not always 
from the same litter, were used in each experiment; they were from 1 to 
4months old. A pair of rats was anesthetized with ether as in Experiment 
III. One was injected with 0.5 ml. of saline and the other with an equal 
volume of solution containing 5.7 mg. of cytochrome c. 10 minutes after 
injection both rats were placed in a 5 pint jar through which 2.8 per cent 
oxygen Was passed at 900 ml. per minute. The survival time of each rat 
was recorded to the point where respiration ceased. 

Results— Table IV gives the results of this experiment. The P value 
indicates that there is no significant difference in survival times. 


Excretion of Cytochrome c 

Experiment V—-Four rats were anesthetized with nembutal and each 
was injected first with 5.7 mg. per kilo of cytochrome ¢ contained in 0.5 
ml. of saline, and then with 2 ml. of saline. Five rats were similarly 
treated but given only 1.14 mg. per kilo of cytochrome c. The urethrae 
were clamped, and 34 to 4 hours later urine was aspirated from the bladder. 
The urine was treated by the method Rosenthal and Drabkin (14) had 
applied to tissues, and the cytochrome ¢ determined spectrophotometrically. 
Control solutions of urine containing cytochrome c alone, hemoglobin alone, 
and cytochrome ¢ and hemoglobin were also treated in the same manner. 

Results—-In the rats given 5.7 mg. per kilo of cytochrome c, an average 
of 5.4 per cent (range, 4.8 to 6.8 per cent) of the amount administered 
was recovered in the urine. In the eombined urine samples of five rats, 
each given 1.14 mg. per kilo of evtochrome c, no cytochrome ¢ could be 
detected. 

Attempts at recovery of similar quantities of evtochrome ¢ resulted in 
approximately 50 per cent recovery in the presence of urine. Hemoglobin 
did not interfere and was completely removed. The losses apparently 
occurred during filtration. 

Conclusions 

The results of this investigation indicate that cytochrome c, adminis- 
tered intravenously, does not materially affect the lowering of the easily 
hydrolyzable phosphorus in kidney and heart or elevation of blood lactate 
brought about by the administration of cyanide. They also give no indica 
tion that similar effects produced by anoxia are prevented by cytochrome 
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e, or that the survival time of rats in an anoxic atmosphere is affected 
by administration of this enzyme. Finally, it has been shown that ap- 
preciable amounts of cytochrome c can be detected in the urine of rats 
given 5.7 mg. per kilo intravenously. 

Those results obtained in this investigation which pertain to the effects 
of low oxygen mixtures do not confirm those reported by Proger (1, 3, 5) 


° 
SUMMARY 

1. Cytochrome c, given intravenously, shows no effect on the decrease 
in the easily hydrolyzable phosphorus of kidney and heart or on the in- 

crease in blood lactate produced in rats by injection of sodium cyanide. 
2. Cytochrome c, given intravenously, shows no effect on the decrease 
in the easily hydrolyzable phosphorus of kidney and heart or on the increase 
in blood lactate produced in rats by exposure to 3.9 per cent oxygen. 
3. Cytochrome c, given intravenously, shows no effect on the survival 
times of rats placed in an atmosphere containing 2.8 per cent oxygen. 
t. Approximately 5 per cent of an intravenous dose of 5.7 mg. of cyto- 
chrome c per kilo can be recovered in the urine; none is spectrophoto- 
metrically detectable after an intravenous injection of 1.14 mg. per kilo, 


We are indebted to Miss Kk. B. Donohue, formerly of this laboratory, 
and to Dr. Margaret. Merrell, of the School of Hygiene and Public Health, 
The Johns Hopkins University, for aid in the statistical analysis of our 
results. 

BIBLIOGRAPHY 
. Proger, 8., Bull. New England Med. Center, 7, 1 (1945). 
. Proger, 8., and Decaneas, D. 8., Bull. New England Med. Center, 7, 149 (1945). 
. Proger, 8., Decaneas, D., and Schmidt, G., J. Biol. Chem., 160, 233 (1945). 
. Proger, 8., Dekaneas, D., and Schmidt, G., J. Clin. Invest., 24, 864 (1945). 
. Proger, 8., and Dekaneas, D., Science, 104, 389 (1946). 
. Albaum, H. G., Tepperman, J., and Bodansky, O., Federation Proc., 6, 118 (1946). 
. Lipmann, F., in Nord, F. F., and Werkman, C. H., Advances in enzymology and 
related subjects, New York, 1, 99 (1941). 
8. Kerr, 8S. E., J. Biol. Chem., 146, 647 (1942). 
9. Lohmann, K., Biochem Z., 233, 460 (1931). 
10. Gesell, R., Krueger, H., Nicholson, H., Brassfield, C., and Pelecovich, M., 
Am. J. Physiol., 100, 202 (1932). 
il. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 
12. Barker, S. B., and Summerson, W. H., J. Biol. Chem., 138, 535 (1941). 
13. Keilin, D., and Hartree, E. F., Biochem. J., 39, 289 (1945). 
14. Rosenthal, O., and Drabkin, D. L., J. Biol. Chem., 149, 437 (1943). 
15. Drabkin, D. L., J. Biol. Chem., 140, 387 (1941). 
16. Peters, J. P., and Van Slyke, D. D., Quantitative clinical chemistry; Methods, 
Baltimore, 106 (1932). 
17. Fisher, R. A., Statistical methods for research workers, London, 9th edition 
(1944). 
18. Jowett, M., and Quastel, J. H., Biochem. J., 31, 565 (1937). 
19. Jowett, M., and Quastel, J. H., Biochem. J., 31, 1101 (1937). 


ne 


“ao 























yy 


ir 











FRACTIONATION OF GROWTH-STIMULATING FACTOR 
IN LIVER* 


By WERNER G. JAFFE anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, April 14, 1947) 


In a previous paper (1) results were presented to show that an alcoholic 
extract of liver produced a pronounced growth stimulation in rats fed a 
natura! diet. The results showed that the activity was not due to any of 
the known vitamins and that yeast did not possess similar activity. 

Bosshardt and collaborators have described a growth-stimulating effect 
of liver in rats (2), while Zucker and Zucker (3) described a syndrome in- 
volving kidney lesions in rats which was cured with liver. Liver has been 
shown to contain factors essential for the nutrition of the monkey (4) and 
for the growth stimulation of Streptococcus faecalis (5). 

The present investigation was undertaken to improve the assay procedure 
with rats and to prepare liver fractions which would show higher activity 


EXPERIMENTAL 


All the experiments were made with male Sprague-Dawley rats 35 to 45 
gm. in weight. Each animal was kept in a separate cage, and food and 
water were given ad libitum. 

The ration used consisted of whole ground vellow corn 46.35 per cent, 
commercial soy bean meal 46.35 per cent, corn oil (Mazola) 5 per cent, 
eystine 0.3 per cent, CaHPO, 0.92 per cent, CaCO ; 0.60 per cent, NaCl 
iodized) 0.44 per cent, MnSO,-4H,O 0.04 per cent. 

To each kilo of this ration the following amounts of vitamins were added: 
thiamine 3 mg., calcium pantothenate 20 mg., pyridoxine hydrochloride 2 
mg., choline hydrochloride 1 gm., nicotinic acid 2Q mg., folic acid 0.25 mg., 
biotin 0.1 mg., inositol 100 mg., p-aminobenzoic acid 250 mg. 1 drop of 
oleum percomorphum diluted with 3 parts of corn oil was fed once weekly 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. We are indebted to the Wander Company, Chicago, Illinois, for 
finanical support, to the VioBin Corporation, Monticello, Illinois, and the Lederle 
Laboratories Division, American Cyanamid Company, Pearl River, New York, for 
liver preparations and to Merck and Company, Inc., Rahway, New Jersey, for syn- 
thetic vitamins. 

t Rockefeller Foundation Fellow, Division of Medical Sciences. Present address, 
Ministerio de Agricultura, Maracay, Venezuela. 
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by dropper. The level of nicotinic acid was high enough to counteract the 
growth-inhikiting effect of corn found by Krehl et al. (6). 

A comparison of the growth responses of rats on this ration and on a 
synthetic ration with and without liver supplementation is given in Table 
I. The synthetic ration contained sucrose 73, casein (Smaco) 18, corn oil 
(Mazola) 5, Salts IV 4 per cent, and the same vitamin supplements as used 
in the natural diet. ‘The rate of growth for the animals on the supple- 
mented natural ration was greater than for those on the supplemented 
synthetic ration, although the rate of growth for the rats on the two un- 
supplemented diets was about the same. Consequently, the corn-soy bean 
meal diet was used in a!l of the assays. 

Extracts of fresh liver were prepared as follows: | kilo of fresh beef liver 
was ground in a meat grinder and mixed with 2 liters of 95 per cent alcohol. 


TABLE | 
Comparison of Growth Response of Rats to Liver Extract* When Fed Synthetic Ration 
Or Soy Bean Meal-Corn Ration 


Average 
( uu No Diet Supplement ‘ eekly 
inimal!s weight gain 
in 5 wks 
\ 6 Synthetic 25.8 
B 6 ‘od Liver extract 30.0 
C 12 Soy meal-corn ration 23.5 
DD 12 : : ” ’ Liver extract 33.1 


* 3 drops of an alcoholic extract of fresh liver equivalent to 0.45 gm. of dried fresh 


liver were fed daily by dropper. 


Che mixture was filtered through cheese-cloth and the material remaining 
in the cloth was pressed in a filter press. The residue was treated twice with 
| liter of 60 per cent alcohol, filtered, and pressed. The combined filtrates 
were distilled under reduced pressure to a volume of 100 ml., extracted three 
times with ether, and filtered. Traces of ether were removed by distilla- 
tion under reduced pressure. 1 ml. of this extract was equivalent to 10 
gm. of fresh liver. In the preliminary experiments, each rat received 3 
drops of this preparation daily by dropper. This intake was equal to 1.5 
gm. of fresh liver or 0.45 gm. of dried fresh liver per day. 

fxtracts of the dry liver powders were made by mixing | part of the 
powder with 4 parts of water and adding sufficient 95 per cent alcohol to 
give a GO per cent alcohol solution. The mixture was stirred for | hour and 
placel in the cold room overnight. The insoluble material was filtered off 
and reextracted with 60 per cent alcohol. ‘The filtrates were combined, 
distilled under a vacuum to a volume of 100 ml., extracted three times 
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with ether, and filtered. The final filtrate was concentrated under a 
vacuum to remove the ether, and the volume adjusted so that a few drops 
could be used as the daily supplement. All extracts were neutralized with 
5 N NaOH before feeding. 

Alcoholic extracts of fresh liver, lyophilized liver (Squibb), and defatted 
whole liver powder (VioBin) produced definite growth responses in rats 
when fed at daily levels equivalent to 0.11 to 0.45 gm. of dry liver (Table 
II, Groups 2, 3, 13, 14, 16). 

A concentration of the active material contained in these extracts was 
attempted by adsorption on norit (Darco G-60). 100 ml. of the alcoholic 
extract were adjusted to pH 2 with concentrated HCl, filtered, and treated 
with 20 gm. of norit for 1 hour with stirring. The filtrate from the norit 
was treated with an additional 20 gm. of norit and the residues were com- 
bined. Most of the activity was removed, since the supernatant from the 
adsorption gave little growth, even when fed at 4 times the original level 
(Table II, Group 4). The elution was carried out by treating the norit 
with 150 mi. of a 50 per cent methanol solution containing 10 per cent am- 
monia. Since the first eluate contained little activity (Table I1, Group 5), 
the elution procedure was repeated ten times. The more extensive elution 
method removed much of the activity from the norit (Table I], Groups 
6,17, 18). The most active preparation which produced a growth response 
in rats supplied approximately 2 mg. of dry matter per day per rat. 

Several commercial liver preparations, which were found to be inactive 
when fed to rats at lower levels, showed good activity when concentrated 
by this procedure. Among these preparations was a Lederle liver powder, 
No. 1432, which was used in subsequent work. 

Two groups of rats received an alcoholic extract of fresh liver = 0.45 gm. 
of dried fresh liver per day, but the supplement of one group was heated in 
a boiling water bath for 15 minutes prior to feeding. Both extracts were 
equally active in stimulating growth at the levels fed (Table II, Groups 2 
and 7). 

In order to determine the minimum amount of alcoholic liver extract 
necessary to give growth stimulation in rats on the mixed diet, the original 
preparation was diluted 1:2 and 1:4. 3 drops daily of an extract, 1 ml. of 
which corresponded to 5 gm. of fresh liver, gave a maximum response, while 
a preparation equivalent to 2.5 gm. of liver per ml. produced nearly maxi- 
mum response (Groups 13 and 14). The amount of this extract fed daily 
correspomied to 0.11 gm. of dry liver. Some of the activity remained in 
the residue after the aleoholic extraction, as shown in Group 15, Table II. 

Bosshardt and associates (2) describe | experiments in which they ob- 
serve improved growth and utilization of food protein in rats on a casein 
diet supplemented with 1:20 liver powder or a butanol extract of this pow- 
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TaBLeE II 


Growth we accsadh in Rats Fed Different Liver Preparations and Other Materials 





Series | Grow | No. of | 
No. animals 


Il 





No. 


\— 


1 


to 


~I 


10 


12 
13 


14 


15 





21 


29 


23 


° This solution had been highly a active at the time of ii its preparation. 





a 


oa 


Supplement 


| 


None 
Alcoholic extract of fresh liver 


Aleoholic extract of lyoph 
ilized liver (Squibb) 

Supernatant from norit ad- 
sorption of lyophilized liver 

| First norit eluate of lyophil- 
ized liver 

Norit eluate from lyophilized 
liver 

Alcoholic extract of 
liver boiled for 15 minutes 

Butanol extract of Lederle 
No. 1432 liver preparation 

Sharp and Dohme liver ex- 
tract, No. 2505 


tract, No. 2505 injected 
None 





| Aleoholic extract of fresh 
| liver 
extract of fresh | 


| Alcoholic 
| liver 
| Residue from alcoholic ex- 
| tract of fresh liver 
| Aleoholic extract of defatted| 
whole liver powder (VioBin) 
Norit eluate of fresh liver 
ae = _ defatted 
whole liver powder (VioBin) 
Butanol extract from alco- 
holic extract of fresh liver 
Residue from butanol extract 


Reticulogen, No. 360 (Lilly) 
Fish press water 


Norit eluate from alcoholic 
extract of fresh liver stored | 
6 wks.* 


fresh | 


Sharp and Dohme liver ex- | 


Level 


> 0.45 gm. dry liver per} 
day 
~ 0.3 gm. dry liver per 
day 
1.2 gm. dry liver per! 
day 
=~ 0.3 gm. dry liver per 
day 
=~ 0.3 gm. dry liver per 
day 
~ 0.45 gm. 
per day 
1.2 gm. dry liver per 
day 


3 drops per day 


? 


dry liver 


II 


Ile 


0.35 ml. per wk. 


II 


= 0.22 gm. dry liver per 
day 
~ 0.11 gm. dry liver per 
day 
3% 


N 


=~ 0.3 gm. dry liver per 
day 

=~ 0.45 gm. dry liver per 
day 

= 0.3 gm. dry liver per 
day 

=~ 0.45 gm. 
per day 

~ 0.45 gm. dry liver per 
day 

=> 3 drops daily 


dry liver 


=~ 0.3 gm. dry mategal 


per day 
| ~ 0.9 gm. dry liver per, 
day 
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der. We prepared a butanol extract of a powdered liver preparation (Led- 
erle, No. 1432) which had been shown to be active in stimulating growth 
when concentrated by norit adsorption. This butanol extract was inactive 
in our assay when fed at a level corresponding to the amount of liver which 
had been used for the preparation of the active norit eluate (Table II, 
Group 8). In another experiment our alcoholic extract of fresh liver was 
extracted seven times with butanol, the butanol was evaporated, and the 
residue dissolved in water and freed from traces of butanol. This extract 
was brought to the same concentration as the residue solution with respect 
to fresh liver, and both solutions were fed to rats at a level of 0.45 gm. of 
dry weight of fresh liver perday. Only the residue solution showed growth- 
stimulating activity (Table II, Groups 19 and 20). 

Two commercial anti-pernicious anemia liver preparations were tested; 
Sharp and Dohme, No. 2505 (15 U.S. P. units per ml.) and Lilly retic- 
ulogen, No. 360 (20 U.S. P. units per ml.). Both preparations showed full 
activity when given at a level of 3 drops daily. When given parenterally 
three times weekly, the Sharp and Dohme extract was equally active 
in the amount of 0.35 ml. per week (Table II, Groups 9, 10, 21). The 
possible relation of the unidentified factor stimulating rat growth and the 
pernicious anemia factor will be tested further. 

Finally, a group of rats received the basal diet supplemented with fish 
press water, since this is known to cause stimulated growth in chicks when 
fed in addition to a soy bean-corn ration (7,8). 0.3 gm. of fish press water 
was fed daily by dropper and a growth effect similar to that caused by liver 
supplements was observed (Table II, Group 22). 


DISCUSSION 


The experiments reported in the present paper confirm our earlier finding 
that the growth of rats fed a diet consisting mainly of whole yellow corn and 
soy bean meal and supplemented with all the known vitamins is increased 
when an extract of fresh liver is given. The growth difference between the 
controls and the liver-treated animals averaged 4 gm. per week on the puri- 
fied ration and 7 to 10 gm. per week when the mixed ration was used. 
Nevertheless, there was no significant difference in the growth of the rats 
in the control groups. This differential effect may be due to the presence 
of small amounts of growth factors in the ‘‘vitamin-free”’ casein or to varia- 
tions in the direct and indirect requirement of the animals fed the two diets. 
Spitzer and Phillips (9) have emphasized the difference between purified 
and soy bean rations for growth, reproduction, and lactation. Similar 
differences have been observed in the case of growing chicks (Patton et al. 
(10), and unpublished data). 

The active factor in the aleoholic extract of liver is readily adsorbed on 
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norit, but the elution is difficult and probably incomplete. The first eluate 
from the norit contained much of the total dry matter adsorbed, but showed 
very little biological activity, whereas the subsequent treatments removed 
approximately 50 per cent of the activity from the norit. 

It was found that the liver extract retained its activity when heated in g 
boiling water bath for 10 minutes. However, it must be pointed out that 
in this experiment an excess of the active factor was fed, since it was later 
established that, when an alcoholic extract equivalent to 0.11 gm. of dried 
fresh liver was fed daily to rats on the corn-soy bean diet, more than half 
maximum growth resulted under the conditions of the experiment. Spon- 
taneous inactivation of some of the alcoholic liver extracts (Group 23), 
norit eluates, and fresh liver was observed in several instances during storage 
in the dark and at freezing temperature for relatively short periods of time. 

Since no activity was detectable in the butanol-soluble fraction of liver 
preparations while the extracted residue retained activity, the active factor 
is probably different from that of Bosshardt ef al. The fact that commer- 
cial concentrated anti-pernicious anemia liver preparations showed activity 
in rat gro.vth warrants further investigations. The absence of growth-stim- 
ulating activity in the butanol extract is of significance in this connection, 
since Cohn, McMeekin, and Minot reported the anti-pernicious principle 
soluble in this solvent (11). 

Fish press water, which stimulates growth of chicks when fed a natural 
ration (7, 8), was active when tested with rats. The possibility that this 
material contains a factor or factors similar to the active principle in liver 
will be tested in further experiments. 


SUMMARY 


The growth-stimulating effect of liver extracts has been studied in rats 
fed a synthetic and a corn-soy bean meal ration containing ten B vitamins 
and cystine. ‘The effect of liver was more pronounced on the latter diet. 

It has been shown that the active material can be adsorbed on and 
eluated from norit, and that it is soluble in ethanol but not in butanol. 
Commercial anti-pernicious anemia liver preparations showed considerable 
activity. A spontaneous inactivation of liver extracts was observed after 
storage in the cold. Activity was retained after short periods of heating. 
Fish press water showed a growth-stimulating activity in rats similar to 


that of liver. 
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(From Camp Detrick, Frederick, Maryland) 


(Received for publication, March 22, 1947) 


The isolation of Clostridium botulinum type A toxin in crystalline form 
(1, 2) has led to an interest in its chemical composition. An apparently 
complete analysis of the pure crystalline toxin is presented in this paper. 
Preliminary studies have indicated that the toxin is a protein with an 
isoelectric point of pl 5.6, possessing the properties of a globulin (1-3). 
It is free from carbohydrate, halogens, iron, manganese, and magnesium. 
In addition to carbon, hydrogen, oxygen, nitrogen, and sulfur it contains 
a small amount of phosphorus and a negligible amount of ash. Nineteen 
amino acids have been found. 

The criteria of purity for the crystalline toxin used in this work are 
as follows: (1) Ultracentrifugation (4) and electrophoretic studies (1, 2) 
showed the toxin to be a homogeneous substance. (2) Separately prepared 
batches of toxin produced under similar cultural conditions showed con- 
stant values for the fourteen amino acids determined as an aid in studies 
of the constancy of composition. (3) Serologically, the toxin acts as a 
single substance in the toxin-antitoxin reaction. 

The material used for these studies was prepared by the method of 
Lamanna and coworkers (1). 


EXPERIMENTAL 


Methods 


The material used for analysis was dried to constant weight at 100° 
under high vacuum. In every case, the sample was dried immediately 
before use. Depending upon the analysis made, the sample was hydrolyzed 
in (a) 10 per cent HCl, (6) 5 N NaOH, (c) NaOH and SnCh, (d) HCl and 
urea, or (e) HI. The specific directions for the hydrolyses are given in 
the methods referred to in the literature. 

The chemical procedures used and the organism or organisms employed 
for the microbiological assays are indicated in Table I, together with 
bibliographic references to the methods. In the determinations by the 
microbiological methods, five different levels of each amino acid, repre- 
senting a 5-fold range in concentration, were subjected to analysis. Each 
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of the five levels was run in duplicate and adjusted so as to fall withm 
the accurate range of the procedure after preliminary assay to determine the 
approximate amount of amino acid present. Thus ten determinations 
were made for each amino acid with each organism. Enough toxin was 
available to carry out an entire analysis on one batch and to determine 
fourteen amino acids on two other batches. When two different organisms 
were used and the three batches were subjected to analysis, a total of 60 
determinations was made for an individual amino acid. In the determina- 
tions by the chemical methods, three different levels in duplicate of the 
amino acid being tested were subjected to analysis. 


Results 


The results are given in Table I. 

Since similar methods of analysis have been applied to crystalline 
8-lactoglobulin by Brand et al. (23, 24), their general approach to the 
problem and method of presentation of the results have been followed. 
Similar assumptions are necessarily made: (1) The toxin is a chemical 
compound in which the constituent amino acids are present in constant 
quantities and are joined in the molecule by peptide linkages. (2) The 
amide nitrogen indicates the amount of glutamine and asparagine present. 
Since it was not possible to distinguish between these two amides, and since 
the equivalents of amide nitrogen equal the equivalents of aspartic acid, 
all of the amide nitrogen has been arbitrarily assigned to the aspartic acid 
and reported as asparagine. Consequently, all of the glutamic acid is 
reported as ‘“‘free glutamic” acid. (3) In the interpretation of the data 
on the free amino nitrogen of the intact protein, no splitting with the 
liberation of reactive amino nitrogen occurs during the determination, all 
of the e-amino nitrogen of lysine is free and reactive, and all terminal free 
a-amino nitrogen of the peptide chains is free and reactive. 

Data are presented for nineteen amino acids. Hydroxyproline was not 
detected when the colorimetric test of McFarlane and Guest (25) was 
applied. 

The partition of the nitrogen is given in Table | under Determinations 
30, la, 2a, 3a, 6a, 34, and 35. This sum of 16.29 per cent agrees with the 
value for total nitrogen (16.29 per cent) as determined by elemental analysis. 
The value of 11.96 per cent for peptide nitrogen obtained by subtracting 
the sum of non-a-nitrogen and free a-amino nitrogen from the total nitrogen 
agrees well with the value for peptide nitrogen obtained by multiplying 
the per cent water taken up in hydrolysis by 14/18.016, which is 12.07 
percent. These checks on the nitrogen distribution indicate the apparent 
completeness of the amino acid analysis. 

The sulfur partition is given under Determinations I4a + 15a and l6a 
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Composition of Clostridium botulinum Type A Toxin 






































sermination — | Method of determination Per cont of Per cent on on por gent 
De No.* Constituent SS ieee i. 3 aes 3 act 
(1) | _2) Pot oe _  - ae — Sd 6) | @_ 
1 Lysine L. ninnieading (5)| 7.74 | 6.78 | 1.48 
2 Histidine L. mesenteroides (5), 108 ; 0.91 | 0.28 | 
S. faecalis (6) 
3 Arginine L. casei (7), S. fae- La .62 4.14 | 1.49 
| calis (6) | 
4 | Tyrosine | L. casei (7), photo- | 13.50 | 12.18 | 1.04 
| metric (8) 
5 Phenylalanine) L. delbrueckii (6), | 1.17 1.04 | 0.10 
L. casei (7) 
6 Tryptophan L. casei (7), photo- | 1.86 1.69 | 0.25 | 
metric (8), S. fae-| 
calis (6) | 
7 Valine L. casei (7), S.fae- | 5.29 | 4.45 | 0.63 | 
calis (6) 
5 Leucine S. faecalis (6), L. 10.30 | 8.91 | 1.10) 
arabinosus (9) 
9 Isoleucine S. faecalis (6), L. 11.94 10.33 | 1.28. 
arabinosus (9) 
10 Glutamic acid L. arabinosus (10) 15.57 13.67 | 1.48 
11 (Aspartic L. delbrueckii (11), | (20.26) 
acid) § L,. mesenteroides} 
lla = Asparagine § 20.10 17.34 | 4.26 | 
11 + 30 | 
12 Serine** L. delbrueckii (11) 4.36 3.60 | 0.58 | 
13 Threonine S. faecalis (6), oxi- 8.49 | 7.19 | 0.99 | 
dation (12-15), L. | 
arabinosus (16, 17) 
14 Cysteine Photometric (18) 0.268 | 0.23 | 0.03 | 0.066 
15 Half cystine “ (18) 0.534 | 0.45 | 0.06 | 0.142 
16 Methionine L. arabinosus (16, 1.06 0.93 | 0. 10 | 0.228 
17), iodometric 
(19), S. faecalis 
(6) 
17 Proline L. mesenteroides || 2.60 2.19 | 0.32 | 
18 Glycine “e ee 1.38 1.05 | 0.26 | 
19 Alanine S. faecalis} 3.92 3.12 | / 0.61 
20 Total 115.73 | 100. 20tt 16.34 | 0.436 
21 = 20 Water taken 15.53 
(Column 4 up during 
— Column hydrolysis 


5) | | 
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———— — 





TaBLE I—Concluded 


| 
—_— Per cent Per cent 
Method of determination Per cent of | Percent | to 





Determination : An - : 
No.* Constituent | =a on R.. a | wee 4 | oe 
__ —— Cor aes «« aa Mae Se Se 
20 Carbon Pregl (20) | 53.73 
23 Hydrogen (20) | 7.02 
24 Total Ntt Kjeldahl, Pregl (20), 16.29 
25 = 2 Pregl (20) 0.437 
26 ' Phosphorus | King (21) | 0.052- 
0.059 
27 | Oxygen Difference 22.46 | 
l4a + 15a | Cysteine S + 0.208 
| eystineS | 
l6a | Methionine § | 0.228 
28 = Protein 8 0.436 | 
l4a + 15a! | | | 
+ 16a 
29 | Sulfate S 0 
30 ' Amide N Diffusion (22) 2.13 
la e-Amino N 0.742 
2a Imidazole N 0.19 | 
3a | Guanidino N 1.12 
6a | Indole N 0.12 
31 = 30+ | Non-a-N 4.30 
la+2a+ | 
3a + 6a | 
32 = 24 — 31) a-N 11.99 
33 Free amino N| Van Slyke 0.771 
34=33— 1a) “ a-amino | " 0.029 © 
N 
35 = 32 — 34) Peptide N 11.96 
Qa=21 x) “ « 12.07 


N/H,0 





* Values derived by calculation are designated by ‘‘a’’ (e.g., histidine is Deter- 
mination 2; imidazole N is Determination 2a). 
t Calculated from the percentages of amino acids found by analysis (Determina- 


tions 1 to 19). 
t Calculated from the percentages of amino acids found by analysis (Determina- 


tions 14 to 16). 

§ The parentheses indicate that aspartic acid is assumed not to be in the molecule. 
Asparagine is substituted for aspartic acid. 

|| Unpublished work of the authors. 

© All the amide nitrogen is arbitrarily assigned to asparagine. 

** Corrected 10 per cent for serine destruction during hydrolysis. 

tt The sum of the average values of the individual amino acid determinations. 
The over-all average deviation from the average is +1.8 per cent, based upon the 
values of 570 determinations. Therefore, the sum of the amino acid residue per- 
centages may be expressed by the figure 100.24 + 1.8 per cent. 

tt Cu-Hg catalyst. 
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TABLE II 


Apparent Number of Moles of Amino Acid Residues Per Mole of Clostridium botulinum 
Type A Toxin (Mol. Wt. = 900,000) 

















Lysine 477 Glutamic acid 953 
Histidine 60 Asparagine 1370 
Arginine 239 | Serine 374 
Tyrosine 672 | Threonine 642 
Phenylalanine 64 | Cysteine 20 
Tryptophan 82 Half cystine 40 
Valine 406 _ Methionine | 64 
Leucine 708 | Proline 203 
Isoleucine 820 Glycine 166 
Alanine 394 

IN oo. 65th serie Hae eae Ae es ek okie Lae 775A 

Tasre III 


Type and Apparent Number of Side Chain Groups in Clostridium botulinum Type A 
Tozin (Mol. Wt. = 900,000) 


| 
| 





Hydrogen bond-forming 


Type of group (Table I, determination No.) No. of groups groups 








ee ———— | —_—_--_—---— 








Cationic groups 
Guanidino (3) 239 239 
Imidazole (2) 60 60 
Ammonium (33) 495 495 
Total cationic groups 794 794 
Anionic groups 
Carboxyl (10 + 34) 971 971 
Total ionic groups 1765 1765 
Non-ionic polar groups 
Sulfhydryl (14) 20 
Half disulfide (15) 40 
Methionyl (16) 64 
Indole (6) 82 82 
Phenolic hydroxyl (4) 672 672 
Aliphatic hydroxyl (12 + 13) 1016 1016 
Amide (30) 1370 1370 
Total non-ionic polar groups 3264 ; 3140 
Total polar groups 5029 4905 
Non-polar groups | 
Hydrogen (18) 166 
Paraffin (7 + 8 + 9 + 19) 2328 | 
Benzene (5) 64 
Pyrrolidine (17) 203 
| 


Total non-polar groups 2761 
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(Table 1). Methionine, cysteine, and cystine sulfur (0.436 per cent) 
account for the total sulfur as determined by elemental analysis. This 
agreement indicates the accuracy of the values for the sulfur amino acids, 
The apparent number of moles of each amino acid residue per mole of 
toxin (mol. wt. 900,000) is given in Table IT, and the type and apparent 
number of side chain groups in the toxin (mol. wt. 900,000) are given 
in Table III]. These values are calculated from the data in Table I. 
Minimum Molecular Weight—Since there must be at least | molecule 
of each constituent amino acid per molecule of toxin, this point is used in 
the case of cysteine and cystine to calculate the minimum molecular weight 
of the toxin. From the equation 
Ri X Mi X 100 


Wi 








M (min.) = 


where M (min.) is the minimum molecular weight of the protein and where 
Mi, per cent 7, and R: are respectively the molecular weight, the content in 
per cent, and the number of residues of an individual constituent, i, 
the minimum molecular weight of the toxin is 


: , ; LX 121 XK 100 of 
M (min.) cysteine basis = - = 45,149 
' 0.268 


or 
1 X 240 X 100 
0.534 


M (min.) cystine basis = = 44,944 
These figures are almost exactly one-twentieth the molecular weight 
of 900,000 as determined by ultracentrifugation and diffusion studies (4). 
Suggested Empirical Formulas—If the figure 900,000 is used as the molee- 
ular weight of the toxin and the results of the elemental analysis, an em- 
pirical formula may be written, 
- 


C40,298Hez,679N 10,0726 Yi2,6s4P rs—a7 125 


The empirical formula in terms of amino acid residues, according to 
the suggested convention (24), is as follows: 
Glyies, Alasos, Vali, Leuros, Lleuse, Pros, Phes, CySH20, (CyS—)s0, Mets, Try, 
Argos, Hisgo, Lys«77, (Asp-NH2)::70, Glusss, Sere, Thre, Tyrer: 


DISCUSSION 


This work was undertaken with the hope that the results might help 
to explain the extreme toxicity of this protein. However, no obvious 
explanation was found. Since the organisms used in the microbiological 
assays are limited in most cases to the utilization of the natural isomers of 








OO Sl —_— 
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amino acids, it is inferred that the toxin is composed essentially of the 
t-amino acids connected through peptide linkages. However, the con- 
figuration of tryptophan and aspartic acid could not be determined by 
the methods used; it is possible, therefore, that these two acids may be the 
pforms. It may also be pointed out that aspartic acid and two hydroxy 
acids, tyrosine and threonine, are present in somewhat larger amounts 
than have been found generally in proteins. 

In any attempt to explain the toxicity one might consider the following 
points: (1) the polar nature of the compound; (2) the arrangement of the 
amino acids within the molecule and the geometrical configuration of the 
protein as a whole; (3) the possibility of atypical peptide linkages through 
aspartic acid or glutamic acid, or both; (4) the possible presence of small 
amounts of a toxic group not detected in the analysis; (5) the large molec- 
ular weight. 

The phosphorus content of the toxin is subject to some discussion. 
Phosphorus has been found in all batches with some variation in content. 
It appears that this element may be either an impurity carried through from 
the isolation or a slightly variable component of the molecule. However, 
no detectable absorption was evident at 2580 A, indicating the absence of 
nucleic acid as an impurity. 

The relatively small amount of toxin available for a complete analysis 
has necessarily limited the procedures to those in which micro quantities 
could be used. The results of all microbiological assays and the chemical 
assays, When they were applicable, showed agreement within 3 per cent. 


SUMMARY 


The elemental and amino acid composition of crystalline Clostridium 
botulinum type A toxin is presented. 

The hydrolysis of 100 mg. of the protein yields 115.73 mg. of amino 
acids or 100.20 mg. of amino acid residues. 

From the data for cysteine and cystine, a minimum molecular weight 
of approximately 45,000 has been calculated, which is one-twentieth of 
the molecular weight of 900,000 determined by physical means. 

Empirical formulas showing the elemental proportions and amino acid 
proportions are presented. 

No explanation can be given from the analytical data for the extreme 
toxicity of the protein. The data indicate that the amino acids are bio- 
logically active and connected through peptide bonds. 


The authors are indebted to Richard Van Duine, Etcyl H. Blair, Ilse 
Schwab, and Helen Leaver for their technical assistance in the studies 
on Clostridium botulinum type A toxin, and to D. H. Bornor, J. F. Owings, 
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and H. E. Thompson for their many valuable suggestions and criticisms, 
We wish to thank Dr. C. F. Niven of Cornell University for the strain of 


Streptococcus faecalis. 


BIBLIOGRAPHY 


- Lamanna, C., McElroy, O. E., and Eklund, H. W., Science, 103, 613 (1946); 


J. Bact., 48, 1 (1946). 


. Abrams, A., Kegles, G., and Hottle, G. A., J. Biol. Chem., 164, 63 (1946). 
. Buehler, H. J., Bornor, D. H., Schantz, E. J., and Lamanna, C., J. Bact., 61, 


571 (1946). 


. Putnam, F. W., Lamanna, C., and Sharp, D. G., J. Biol. Chem., 165, 735 (1946). 
. Dunn, M. 8., Camien, M. N., Shankman, S., Frankl, W., and Rockland, L. B., 


J. Biol. Chem., 156, 715 (1944). 


. Stokes, J. L., Gunness, M., Dwyer, I. M., and Caswell, M. C., J. Biol. Chem., 


160, 35 (1945). 


. Shankman, 8., Dunn, M. §8., and Rubin, L. B., J. Biol. Chem., 161, 511 (1943). 
. Brand, E., and Kassell, B., J. Biol. Chem., 131, 489 (1939). 
. Kuiken, K. A., Norman, W. H., Lyman, C. M., Hale, F., and Blotter, L. M., J. 


Biol. Chem., 161, 615 (1943). 


. Dunn, M. §8., Camien, M. N., Rockland, L. B., Shankman, 8., and Goldberg, 


8. C., J. Biol. Chem., 155, 591 (1944). 


. Stokes, J. L., and Gunness, M., J. Biol. Chem., 167, 651 (1945). 

. Nicolet, B. H., and Shinn, L. A., J. Biol. Chem., 142, 139 (1942). 

. Winnick, T., J. Biol. Chem., 142, 461 (1942). 

. Boyd, M. J., and Logan, M. A., J. Biol. Chem., 146, 279 (1942). 

. Block, R. J., and Bolling, D., The determination of the amino acids, Minneapolis, 


revised edition (1940). 


. Shankman, §., J. Biol. Chem., 160, 305 (1943). 

. Shankman, 8., Dunn, M. S., and Rubin, L. B., J. Biol. Chem., 160, 479 (1943). 
. Kassell, B., and Brand, E., J. Biol. Chem., 126, 115, 131 (1938). 

. Kassell, B., and Brand, E., J. Biol. Chem., 125, 145 (1938). 

. Pregl, F., Quantitative organic microanalysis, translated by Grant, J., Philadel- 


phia, 4th edition (1946). 


. King, E. J., Biochem. J., 26, 292 (1932). 

. Warner, R. C., and Cannan, R. K., J. Biol. Chem., 142, 725 (1942). 

. Brand, E., and Kassell, B., J. Biol. Chem., 145, 365 (1942). 

. Brand, E., Saidel, L. J., Goldwater, W. H., Kassel], B., and Ryan, F. J., J. Am. 


Chem. Soc., 67, 1524 (1945). 


. McFarlane, W. D., and Guest, G. H., Canad. J. Res., Sect. B, 17, 139 (1939). 

















THE ACTION OF TYROSINASE ON CERTAIN PROTEINS 
AND PRODUCTS OF THEIR AUTOLYSIS 


By IRWIN W. SIZER 
(From the Department of Biology, Massachusetts Institute of Technology, Cambridge) 


(Received for publication, April 10, 1947) 


The oxidation by tyrosinase of certain proteins, including crystalline 
preparations of insulin, pepsin, trypsin, and chymotrypsin and partially 
purified casein, has been reported by Sizer (1). Evidence for protein 
oxidation was based upon a marked oxygen consumption catalyzed by 
the enzyme, formation of pigment absorbing strongly in the blue-violet, 
and a pronounced increase in absorption of the protein in the ultraviolet. 
In addition, chemical studies on the oxidized protein indicated a decrease 
in color when tested with Millon’s reagent and showed a decrease of 11 to 
37 per cent in the tyrosine content. Edman (2), from work with the 
proteolytic enzymes, decided that Sizer’s results may not indicate an effect 
of tyrosinase upon proteins, but might be explained on the assumption that 
tyrosinase has acted solely on the small amounts of tyrosine contaminat- 
ing the proteins or upon the products of autolysis formed during the 
reactiop. His results are based upon the fact that, at the end of the re- 
action, he could demonstrate appreciable amounts of aromatic amino 
acids in the filtrate, after precipitation of the digest with trichloroacetic 
acid. Trypsin was shown to autolyze and, correspondingly, to lose 
activity. This was not true of chymotrypsin, which was only slightly 
oxidized by tyrosinase. When pepsin was denatured at pH 7 and then 
reprecipitated several times at pH 4, Edman could demonstrate little action 
of tyrosinase on this purified protein. In view of the discrepancies be- 
tween the results and interpretations of Sizer and Edman, the problem 
of the action of tyrosinase on certain proteins has been reinvestigated. 


Methods and Results 


Action of Tyrosinase on Highly Purified Proteins—The technique of 
the manometric experiments carried out to measure oxygen consumption 
by purified proteins was identical with that of Sizer (1). Some of the 
work was done with Upjohn tyrosinase and some with a freshly prepared 
mushroom tyrosinase (3) containing 17 Adams and Nelson p-cresolase 
units per ml. (4). The substrates were crystalline pepsin, trypsin, 
chymotrypsin, insulin, and partially purified casein from the same sources 
as those used previously (1). These preparations before being oxidized 
were purified in various ways to remove any traces of tyrosine or of 
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its peptides which might be present. The technique usually employed was 
to dialyze the proteins (with Cenco cellophane dialyzing tubing) over- 
night against M/15 phosphate buffer, pH 7.3. Typical results on the 
oxidation of the purified products by tyrosinase are shown in Fig. 1. The 
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Fic. 1. Oxygen consumption of proteins (purified by dialysis) in the presence of 
tyrosinase at 37°. The solution contained 25 mg. of protein, 4.5 ml. of m/15 phosphate 
buffer, pH 7.3, 0.5 ml. of Upjohn tyrosinase, and 2 drops of toluene. 








time curves for oxygen consumption resemble those of Sizer (1) for 
undialyzed proteins. 

For certain of the proteins, other methods of purification or sources of 
crystalline material were used. Pepsin was purified according to Edman 
(2) by denaturation at pH 7.0, followed by reprecipitation twice at pH 
4.0. A different sample of relatively pure crystalline pepsin! was also 
used. Results were similar to those for the dialyzed protein for both the 


! Kindly furnished by Professor David Waugh, Massachusetts Institute of Tech- 
nology. 
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reprecipitated pepsin (O2 consumption = 129 microliters in 21 hours) 
and Waugh’s sample of pepsin (O; consumption = 319 microliters in 21 
hours). Chymotrypsin was purified according to Northrop (5) by salting- 
out at pH 4.0 with 0.7 saturated (NH,).SO,. Although this sample 
showed relatively little oxygen consumption resulting from the addition 
of tyrosinase (22 microliters in 21 hours), the increased absorption in the 
visible and ultraviolet regions of the spectrum gave evidence that appre- 
ciable oxidation had occurred. Reerystallized insulin' was oxidized 


TABLE [| 


Effect of Tyrosinase on Oxidation of Purified Proteins and Their Products of 
Autolysis As Measured by Decrease in Per Cent Transmission of 
Solution at 410 mp 

















Protein | Tyrosinase | —— poy —_— —_, 
Casein Active | Brownt Brown 5 32 
| Boiled | Gray Gray 44 57 
Chymotrypsin Active | 24 27 20 14 
Boiled 58 44 42 29 
Insulin Active | Brown | Brown | 6 79 
Boiled =| Gray | Gray 42 83 
Pepsin Active 17 | 29 8 73 
Boiled | 28 49 46 91 
Trypsin Active 25 47 
Boiled «383 53 








* At the end of the reaction the protein was precipitated from the digest by 
adding 2 ml. of 10 per cent trichloroacetic acid. The protein centrifugate was 
redissolved by boiling for 5 minutes in 4.8 ml. of water plus 0.2 ml. of 6 n NaOH. 

t When solutions were too turbid to be measured with the Coleman spectro- 
photometer, only their colors are indicated in the table. 


(O. consumption = 92 microliters in 21 hours) by tyrosinase about as 
rapidly “as dialyzed crystalline insulin (see Fig. 1). 

At the completion of the manometric studies, the solutions were exam- 
ined for spectroscopic evidence of protein oxidation by tyrosinase. In 
all cases, such oxidation was indicated by the production of a pigment 
absorbing in the blue-violet region of the visible spectrum (see Table I) 
and absorbing strongly throughout the ultraviolet region (see Table II 
and pepsin curves of Fig. 2). These results are the same as those reported 
previously (1) where traces of products of autolysis had not been removed 
from the proteins. 

These manometric and spectroscopic experiments clearly indicate that 
the action of tyrosinase on proteins cannot be accounted for in terms of 
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an oxidation of products of autolysis, which normally contaminate the 
proteins. 

Does Tyrosinase Act on Proteins Or Only on Their Products of Autolysis 
Liberated during Reaction?—Although the above experiments clearly in- 
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Fic. 2. Absorption in the ultraviolet of proteins (previously purified by dialysis) 
after oxidation catalyzed by tyrosinase. The control experiments were performed 
with boiled tyrosinase, while in the companion ones active tyrosinase was used. For 
pepsin curves, products of protein autolysis were not removed at the end of the reac- 
tion; for the other curves the proteins were freed of products of autolysis by dialysis. 
Solutions were diluted 1:20 with water for spectral analysis. 


dicate that the tyrosinase action cannot be attributed to products of 
autolysis, which contaminate the purified proteins, they do not prove 
that the effects cannot be explained by the action of tyrosinase on tyrosine 
or its peptides produced by protein autolysis during the reaction. Under 
the conditions of the oxidation, pepsin is known to become rapidly de- 
natured and trypsin undergoes considerable autolysis, but no autolysis 
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of chymotrypsin has been reported (2, 5). Little is known about the 
possible autolysis of insulin and casein. 

After completion of the oxidation of the purified protein by tyrosinase, 
any products of autolysis were removed by dialysis in the cold room over- 
night or longer against the phosphate buffer. The residual material was 
then studied for indications of possible effects of tyrosinase. Results on 
the pigment formation from proteins, as indicated by absorption in the 
violet region of the spectrum at 410 my are shown in Table I. It is appar- 
ent that roughly similar differences in color between the control (con- 
taining boiled tyrosinase) and the experimental solution (containing 
active tyrosinase) exist in the proteins before dialysis and after the prod- 
ucts of autolysis have been removed. The figures, while illustrating 
clearly the darker color of the solutions treated with active tyrosinase, 
are only approximate, since occasional slight turbidity of some of the 
solutions made absolute measurement of color intensity impossible. To 
the eye, the proteins oxidized by tyrosinase appear brown in color both 
before and after dialysis, while the control solutions are gray. Results 
in these experiments were the same whether the preparations were orig- 
inally purified by dialysis, reprecipitation, or recrystallization. 

Another method of determining whether tyrosinase acted upon proteins 
or their products of autolysis was to separate the components at the end 
of the reaction by the addition of 2 ml. of 10 per cent trichloroacetic acid 
to the digest. The precipitates were centrifuged and redissolved by 
adding 4.8 ml. of water and 0.2 ml. of 6 nN NaOH and boiling the mixture 
for about 5 minutes. A comparison of the color of test and control solu- 
tions showed differences (Table I) similar to those Sizer had reported for 
proteins oxidized by tyrosinase (1). The supernatant solutions con- 
taining the products of protein autolysis were also examined and were 
found to display similar differences in color between experiment and 
control (Table I). These results in part confirm Edman (2), who found 
evidence for oxidized products of autolysis after tyrosinase action on 
proteases. 

In view of the characteristic effect of tyrosinase in increasing the ab- 
sorption in the ultraviolet of certain proteins (1), it seemed advisable to 
determine whether this effect was eliminated by removing products of 
protein autolysis either initially contaminating the purified proteins or 
liberated from the proteins by autolysis during the reaction. Typical 
results with proteins purified by dialysis, reprecipitation, or recrystalli- 
zation are presented in Table II and in Fig. 2, pepsin curves, which show 
that removal of traces of impurities in no way interferes with the usual 
oxidation of proteins by tyrosinase, as is indicated by increased absorption 
in the ultraviolet. 
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Removal by dialysis of products liberated by autolysis during the 
oxidation, however, has an appreciable effect in decreasing absorption jn 
the ultraviolet of the five proteins (Fig. 2). Since the autolysis is inde- 
pendent of the presence of tyrosinase (2), the absorption of the control 
solution also decreases, owing to removal of products of autolysis, so that 
the marked difference between control and experiment is still apparent 
after dialysis. In all cases, the difference between the two curves is not 


TaB_e II 
Absorption at 276 mu of Purified Proteins after Oxidation with Tyrosinase 
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Protein*® Tyrosinase - r r ————— 
| Digest | wey from 
Casein Active | 33 37 
Boiled | 46 | 53 
Chymotrypsin Active 31 58 
Boiled 44 61 
Insulin Active 11 29 
Boiled 37 45 
Pepsin Active 30 36 
Boiled | 43 54 
Trypsin Active 39 
Boiled 56 


* Proteins were purified by dialysis before the addition of tyrosinase. 

t Protein precipitated from digest by adding 2 ml. of 10 per cent trichloroacetic 
acid. The protein was redissolved by boiling for about 5 minutes in 4.8 ml. of water 
plus 0.2 ml. of 6 N NaOH. All solutions were diluted 1:20 for analysis from 220 to 
400 mp with the Beckman spectrophotometer. Data in the table are only for 276 my, 
at which tyrosine absorbs maximally. 


quite as great after dialysis, indicating that a part of the original differ- 
ence must have been due to the presence of products of protein autolysis 
oxidized by tyrosinase. 

Proteins were also separated by trichloroacetic acid precipitation from 
the products of autolysis. The redissolved precipitates of oxidized pro- 
teins showed differences in absorption in the ultraviolet similar to those 
shown by the oxidized proteins separated from low molecular weight 
compounds by dialysis (see Table I1). These experiments clearly demon- 
strate that tyrosinase has produced an oxidation of the protein molecule 
independent of any additional effect on products liberated during autolysis 
of a fraction of the protein molecules. 

The supernatant trichloroacetic acid solutions were also studied in the 
ultraviolet. The absorption curves (Fig. 3) indicate the presence of an 
appreciable amount of low molecular weight derivatives of proteins, and 
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Fic. 3. Absorption in the ultraviolet of products produced by protein autolysis. 
Control solutions had been treated with boiled tyrosinase, while the experimental 
ones had been incubated with active enzyme. At the end of the reaction, products of 
autolysis were separated from the protein by precipitating the latter with trichloroa- 
cetic acid. Solutions were diluted 1:20 for spectral analysis. 


TaBLe III 


Oxidation of Proteins and Their Products of Autolysis by Tyrosinase As Indicated by 
Changes in Amount of Residual Tyrosine* 














Proteint | Tyrosinase | poe | Centrifugate§ Supernatant§ 
mg. | mg. mg. 
Casein Active | =. 0.32 0.36 0.09 
| Boiled | 0.53 | 0.39 0.47 
Chymotrypsin Active | 0.090 0.11 0.031 
Boiled | O16 | 0.15 0.37 
Insulin Active 0.68 0.80 0.031 
Boiled 0.86 0.90 0.086 
Pepsin Active 0.23 0.38 0.060 
Boiled 0.40 0.51 0.343 
Trypsin Active 0.080 
Boiled 0.113 


* Bernhart’s modification of the Millon-Weiss method for tyrosine (6) was used. 
Each figure represents the average of two to four different experiments. 

t Purified by dialysis before addition of tyrosinase. 

t Dialyzed free of products of autolysis after the oxidation was completed. 

§ 2 ml. of 10 per cent trichloroacetic acid were added after the oxidation was com- 
pleted, and the protein was separated from the products of autolysis by centrifugation. 
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also show that tyrosinase has produced an increase in the absorption of 
these products of autolysis. It is not known whether these protein frag- 
ments were oxidized by tyrosinase before or after cleavage from the pro- 
tein molecule, although the latter explanation seems more plausible. 

Tyrosine Analyses—Analyses for tyrosine, with Bernhart’s modification 
of the Millon-Weiss method (6), were performed on the purified proteins 
oxidized by tyrosinase after products of autolysis had been removed 
either by dialysis or trichloroacetic acid precipitation. In addition, 
tyrosine analyses were performed on the products of autolysis in the 
trichloroacetic acid supernatant solutions. Typical results are presented 
in Table III. Tyrosinase has clearly caused the oxidation of an appreci- 
able fraction of the tyrosine of these proteins, as is indicated by a decrease 
in the tyrosine of the experimental as compared with the control solution. 
This is also true of the products of autolysis, since tyrosinase has caused 
an even greater decrease in the amount of tyrosine which can be measured 
by the Millon-Weiss method. 


DISCUSSION 


The results presented in this paper are in general agreement with Sizer’s 
(1) conclusions that certain tyrosyl groups of casein, insulin, pepsin, 
trypsin, and chymotrypsin can be oxidized by tyrosinase, and cannot be 
explained by Edman’s (2) hypothesis that the enzyme reacts only with 
tyrosine or its peptides present at the start or liberated by protein autol- 
ysis during the course of the experiment. 

No new data are presented in this paper on the effect of tyrosinase 
upon protease activity, since both Sizer and Edman agree that no change 
is produced. The results do not prove unequivocally that an enzyme 
with partially modified tyrosyl groups is completely active, since interpre- 
tation is complicated by pepsin denaturation and autolysis of trypsin and 
chymotrypsin, which occur spontaneously under the conditions of the 
experiment. An approach to this problem might be sought by carrying 
out the reaction at low temperatures, since protein autolysis has a much 
greater temperature coefficient than has oxidation catalyzed by tyro- 
sinase (7). In two experiments which were carried out at 25°, the autol- 
ysis of all five proteins was much less than at 37°, while the action of 
tyrosinase was almost as extensive as before. 


It is a pleasure to acknowledge the technical assistance of Miss Janette 
Robinson in this work. 


SUMMARY 


Removal of traces of tyrosine and its peptides by purification of crys- 
talline pepsin, trypsin, chymotrypsin, insulin, and impure casein did not 
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interfere with the ability of tyrosinase to oxidize certain of the tyrosyl 
groups in these proteins. Tyrosinase was shown to oxidize products of 
protein autolysis, which were liberated during the reaction. Oxidation 
of these products accounts for only a fraction of the total action of tyro- 
sinase, since the residual protein was also found to be extensively oxidized. 
Certain of the tyrosyl groups of all of these proteins were demonstrated, 
by chemical and spectroscopic studies, to have been oxidized by the 


tyrosinase. 
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THE INACTIVATION OF INSULIN SOLUTIONS 


By J. LENS 
(From the Organon Laboratories, Oss, Holland) 


(Received for publication, January 2, 1947) 


A faintly acid aqueous solution of insulin slowly loses its activity, even 
at room temperature. There are a number of scattered observations in the 
literature on the stability of such solutions but Krogh and Hemmingsen (1) 
were the first to study the phenomenon systematically. They found an 
optimal stability at pH 2 to 4 and considered the inactivation as a reaction 
of the first order. According to Sahyun, Goodell, and Nixon (2), addition 
of zinc salts would have a stabilizing influence, a result we could not 
confirm (unpublished). 

According to our experience, the stability of insulin solutions may vary in 
quite unpredictable ways and it appeared of some value to reinvestigate the 
subject, in order to find the causes of the inactivation. Two explanations 
suggest themselves: hydrolysis or heat precipitation. 

The assumption of a hydrolysis as the cause of inactivation gives rise to 
many difficulties. Jensen and Evans (3) observed that insulin in acid 
solution loses some ammonia but there is no relation between the loss of 
ammonia and the rate of the inactivation. Another argument against this 
hypothesis might be found in the observations of Greenberg ed al. (4), that 
several proteins hydrolyze at a rate dependent on the activity of the 
hydrogen ions. If this relationship should also hold for the assumed 
hydrolysis of insulin at very mild acidities, it is not easy to explain its 
optimal stability at pH 2 to 4. 

On the other hand there are no objections to the assumption that the 
inactivation is a denaturation or heat precipitation. 

In the course of this work, many experiments were performed in order 
to find a link between inactivation and hydrolysis. The rate of liberation 
of ammonia and amino acids has been determined over a range of acidities 
varying from pH 1.3to1l. The rate of hydrolysis was found to go through 
a minimum at the isoelectric point of the insulin and, since the stability 
of the solutions is definitely better at somewhat higher acidities, any 
relation between stability and rate of hydrolysis becomes highly im- 
probable. These experiments, confirming and completing Jensen and 
Evans’ work, will, therefore, not be recorded in detail, but during the 
investigations a method permitting the separation of inactivated from ac- 
tive insulin was discovered. With the aid of this procedure evidence has 
been accumulated indicating that the inactivation virtually is a denatura- 
tion, usually followed by an oxidation process. 
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Material 


All insulin samples were crystalline and air-dry and varied in activity 
from 19 to 24 international units per mg. Most of them were prepared in 
our own laboratories and standarized according to the technique of de Jongh, 
Lens, and Spanhoff! on 60 to 80 rabbits each. Two samples of crystalline 
insulin from other manufacturers were also examined. As no essential 
difference was found between these samples and our own, the origin of the 
insulin has not been specified in each experiment. 

The commercial solutions investigated were all of our own manufacture, 


Technique 


It was observed that inactivated insulin can be precipitated quite 
readily with rather small amounts of electrolyte. This led to the develop- 
ment of a method for its estimation in the presence of insulin. We de- 
termined the highest concentration of sodium sulfate at which insulin 
solutions of pH 3 and of the concentrations used (20 to 100 units per ml.) 
do not yet precipitate. This proved to be 0.03 x. The solubility of in- 
sulin in 0.03 N sodium sulfate is slightly dependent on the pH, and in the 
first experiments we therefore preferred to determine « small range of the 
solubility-pH curve with the aid of buffer solutions. 

The following example of the technique employed will illustrate suffi- 
ciently its simplicity and limitations. 

Three 5 ml. samples of a solution containing 5 mg. of insulin per ml. were 
pipetted into centrifuge tubes. 2 ml. of citrate-phosphate buffer, pre- 
pared actording to McIlvaine, were added, followed by 3 ml. of 0.1 x 
sodium sulfate. The tubes were stoppered and mixed by inverting several 
times. They were left for at least 15 hours at room temperature and then 
centrifuged. The nitrogen content in the supernatant was determined by 
the Kjeldahl method. 

The same series is made up after the insulin solution, pH 2.95, has been 
heated for the desired time. Fig. 1 illustrates the result of such an ex- 
periment. Curve A, obtained with the unheated solution, shows that the 
pH during precipitation should be kept between 2.95 and 3.25; otherwise 
some insulin will also precipitate. On heating, an increasing part of the 
insulin becomes insoluble in 0.03 n sulfate (Curves B and C). 

For routine determinations, we precipitated the inactivated insulin only 
at pH 3.0.2 A determination in the unheated solutions is always necessary, 
as many of the insulin samples investigated contained small quantities of 
impurities insoluble in 0.03 n sodium sulfate. As the precipitate formed 


1 de Jongh, 8. E., Lens, J., and Spanhoff, R. W., in press. 
2 Composition of buffer: 8 volumes of 0.1 m citric acid, 2 volumes of 0.2 m disodium 


phosphate. 
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J. LENS 315 
is in many instances very strongly hydrated, simple examination of the 
tubes for cloudiness may be misleading. On the other hand, in some 
instances the precipitate formed may be quite compact and solid. 

The inactivated insulin is very insoluble in the medium described. An 
insulin solution, containing 5 mg. (100 units) of insulin per ml. was heated 
for 240 hours at 55°. After the addition of the buffer, pH 3.0, it was pre- 
cipitated with sodium sulfate; the supernatant contained 0.048 mg. of N per 
ml. If 4 ml. were first diluted to 10 ml. and then precipitated in the same 
way, the supernatant contained 0.020 mg. of N per ml. This value is the 
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Fic. 1. Influence of time of heating on the solubility of insulin in 0.03 nN sodium 
sulfate. Curve A, unheated solution; Curve B, the same solution heated for 4 hours 
at 83°; Curve C, solution heated for 18 hours at 83°. 


sum of the solubility of the inactivated insulin and of the amount of the 
original insulin left. If the third point of decimals were reliable, the 
solubility of the inactivated insulin would correspond to 0.0013 mg. of N 
per ml., but this value is only very approximate. Furthermore it is prob- 
able that the solubility of the inactivated insulin will vary somewhat with 
the amount formed, but the influence on the curves to be described is con- 
sidered to be of so little consequence that it has been neglected. 

In work with large, rather concentrated batches, it has been observed 
that considerable quantities of insulin may be lost by adsorption on the 
precipitate. 

In a 2 per cent insulin solution the adsorption may amount to 10 per cent 
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of the insulin present. In 0.5 per cent or weaker solutions we did not ob- 
serve any activity of the precipitate which could not be accounted for by its 
solvent content. Phenolic preservatives should not be present in con- 
centrations over 0.1 per cent as they give rise to a very strong adsorption. 
They can be removed by dialysis preliminary to the determination. 


Results 


Rate of Reaction—Determinations were carried out in order to measure 
the rate of reaction with which inactivated insulin is formed in the pH range 
2.9to3.0. A few runs were made on the aging effect at 83°, but most of the 
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Fic. 2. Inactivation of insulin solutions, pH 3.0, at 83° (Curves A and B, upper time 
scale) and at 55° (other curves, lower time scale). 
Fia. 3. Inactivation curves of two solutions of the same insulin at 55 


work was centered on the aging at 55°. In Figs. 2 and 3 some of the 
curves obtained are represented. Their inspection reveals two unexpected 
facts. (1) The reaction is apparently of zero order. (2) During the 
course of the reaction there may or may not be an abrupt change in the 
rate. The point of the break in a curve is not reproducible, as may be seen 
in Fig. 3 where the aging curves of two insulin solutions of the same sample 
of insulin, made in the same way, are recorded. The difference is not due to 
an analytical error and has been confirmed by biological standardization 
(see below). Fortunately these breaks do not occur often enough to upset 
every conclusion drawn. Nevertheless the slopes obtained for the ‘‘normal”’ 
curves are so different for different insulin batches that the influence of 
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factors affecting the rate of reaction can only be studied by the use of 
insulin of one batch for all experiments. 

This has been done in the investigations to be described. 

Influence of Surface—No influence of the size of the surface of a solution 
exposed to glass and to the air could be found. One-half of a solution (50 
ml.) was kept in « 300 ml. Pyrex Erlenmeyer flask with an air-exposed sur- 
face of 300 sq. em. and a glass-exposed surface of approximately the same 
size, the other half being put in a graduate with only 5.5 sq. em. of air- 
exposed surface and 85 sq. em. of glass-exposed surface. Both solutions 
behaved in the same wav as to the formation of inactivated insulin, though 
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Fic. 4. The absence of influence on the inactivation of a large surface (0) and a 
small surface (+) and of octyl aleohol (@) against a control (O). Heated at 55°, 
pH 3.0. 

Fig. 5. The influence of the pH on the rate of reaction. Curve A after 46 hours at 
55°, Curve B 94 hours at 55°, Curve D 160 hours at 55°, Curve C 4 hours at 83°. 


the solution with the larger surface gradually acquired a golden yellow 
color. The curves obtained are represented in Fig. 4, together with those 
on the influence, or the lack of influence, of a highly surface-active substance 
such as octyl aleohol added in a concentration of 0.1 per cent. 

Influence of Acidity. -These experiments were performed at 83° and 55°. 
In order to adjust the solutions of pH 3.2 and higher to the desired pH for 
precipitation, a buffer of pH 2.85 instead of 3.00 had to be added. A sharp 
decrease in stability on increasing pH is observed (Fig. 5). Lowering the 
pH under 2.8 gives rise to the well known heat precipitation in a very short 
time and to a rapid rise in the ammonium liberation. Hence experiments 
have not been extended to this pH range. 
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Correlation between Chemical and Biological Determinations—Confirmation 
of the chemical results by biological standardization has been obtained in a 
number of instances. These checks have been extended to a number of de- 
terminations of commercial solutions of various ages. In the conversion 
from chemical to biological values, it has been assumed that 1 1.0. corre- 
sponds to 5.4 y of Kjeldahl nitrogen. 

It appears from the curves that the nitrogen in the sulfate solutions does 
not go down to zero, owing to the presence of impurities which do not 
share in the process. The calculations are, therefore, based on the decrease 
in nitrogen rather than on the absolute nitrogen values. 


Taste I 
Correlation between Chemical and Biological Determination of Activity of Aged 
Insulin Solutions 














Batch No. po a | Temperature | Time aa. | Activity found* 
| ' —————e 

1. U. per ml °c hrs. I. U. per ml. | 1. U. per ml. 
189 40 55 600 14 | 10 
192 89 55 170 63 | 61 
192 - 5S 30 5 “ Different solutions 
192 89 55 340 4  |<10) 
186 40 55 600 12 10 

mos 

142b | 410 Room 75 22 18 Commercial solution 
147m 40 - 70 36 | 39 “ 
175a 40 " 31 37 40 ss os 
178b 40 * 23 32 28 - a 
179b 20 - 23 16 17 a " 


* Average difference between observed and calculated values: 0.2 + 1.3 1.v. per 
ml. (fourth value not included). 


Some results of this comparison between chemical and biological determi- 
nations are given in Table I. The assays for this work have been made on 
ten rabbits in each test. The average difference in calculated and ob- 
served activity again shows that the errors introduced by adsorption and 
incomplete precipitation are either negligible or counter balanced by a 
possible error in the assumed value of 5.4 y of N per t.v. of insulin. 

The difference recorded in the stability of the commercial solutions is 
quite striking. Solutions of almost the same age, made and stored in the 
same way (though from different insulin batches), like Batches 142b and 
147m, show a definite difference in stability, which cannot be ascribed to 
the error of the standardization. 

Besides these, the activities of the above solutions, with a large and a 
small surface, have been compared after 365 and 435 hours, giving equal 
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values. The same holds for the solutions with and without octyl] alcohol, 
which proved to be equally active after 344 hours. 

However, unfortunately there are insulin solutions in which, for un- 
known reasons, the inactivation takes a different course. Among the 
scores of solutions investigated there were two, aged at room temperature, 
which showed no loss of activity by chemical analysis. Yet on biological 
standardization, less than half the original activity was found. 

Properties of Inactivated Insulin—The inactivated insulin precipitated 
by 0.03 ~ sodium sulfate does not readily redissolve. 

If air has been excluded during the inactivation and the color of the 
solution has not deepened, regeneration by the well known alkali treatment 
is, to some extent, possible, but the more the solution has darkened, the less 
it can be reactivated. 

We found that insulin precipitated by heat at pH 2 and in the presence of 
some electrolyte may be regenerated quite easily and completely, simply by 
dissolving it in phenol. We used this process repeatedly with large insulin - 
batches and consider it superior to the alkali treatment. 

The inactivated insulin dissolves only if it has not become colored in the 
aging process. 

The solutions of inactivated insulin obtained at pH 3 and 55° strongly 
resemble those of Waugh (5), who subjected insulin to a more drastic 
treatment. They show a strong double refraction of flow. 

A difference in the degree of swelling of inactivated insulin in the pH 
range 2 to 7 was not observed. In more alkaline solutions the amount of 
precipitate decreases as the inactivated insulin dissolves. 

The inactivated insulin is very stable. The complete transformation 
from insulin to inactivated insulin is, at 83°, a matter of some 6 to 10 hours, 
whereas in the following 400 hours at pH 3 and at this temperature no 
change in the solubility in 0.03 N sulfate can be detected. No amino acids 
are liberated, for the ultrafiltrate obtained through a soft collodion mem- 
brane shows a negative ninhydrin reaction. The Nessler’s reaction is 
positive confirming the well known fact that ammonia is liberated as a 
secondary reaction. 

From an alkaline solution (pH 10.3) no inactivated insulin is formed on 
aging. 

The inactivated insulin usually has a much darker color than the original 
insulin. The ultra violet absorption is also much greater. The absorption 
band at. 280 my has been determined for a number of solutions of different 
ages, and the results are recorded in Fig. 6. As the acid solutions of the 
inactivated insulin are somewhat opalescent, the absorption bands have all 
been measured in a 0.2 m borate buffer, pH 9.3, in which the cloudiness 
disappears. 
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The increase in the absorption shows no correlation to the amount of 
inactivated insulin present, for Curves C and E are those for solutions 
which have been kept at 55° for 1300 hours, Curve E with a large and 
Curve C with a small air-exposed surface (see above). 

A similar rise in the absorption has been observed by Kuhn, Eyer, and 
Freudenberg (6) on irradiation of insulin solutions by ultra violet light. 
Arnow (7) described the effect of the combined action of ultra violet light 
and oxygen on tyrosine, dopa being the first product formed. The fact that 
an insulin solution with only a small surface exposed to the air shows much 
less of the effect than one with a large surface supports the hypotheses 
that this increase in ultra violet absorption is also due to oxidation, probably 
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Fic. 6. Absorption spectra (1 mg. per ml.) of a fresh (Curve A) and of aged insulin 
solutions; Curve B, after 20 days; Curve C, after 56 days (small surface to the air); 
Curve D, after 58 days; Curve FE, after 56 days (large surface to the air); Curve F, 
after 5 years. All solutions were aged at 55°. 


of the tyrosine in the molecule. A further indication that oxygen is con- 
sumed may be found in the observation that the rubber caps of old com- 
mercial vials of insulin frequently show an inward bulge, as if the vial were 
under a partial vacuum. A direct proof of the oxidation was obtained 
with a solution of 130 mg. of insulin at pH 3 in a Warburg apparatus which 
was filled with exygen. The manometer of the apparatus contained mer- 
eury. After 30 days at 55° an oxygen consumption of 0.044 mg. of oxygen 
per mg. of insulin was observed. ‘This amounts to over 100 gm. atoms per 
gm. molecule. The dopa reaction of Arnow (8) with nitrous acid and sodium 
molybdate gives a yellow-brown coloration and, therefore, dopa cannot be 
present in appreciable amounts. On the other hand, sometimes a strong 
coloration with dimethylaminobenzaldehyde is observed, indicating the 


presence of resorcinol-like structures. 
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DISCUSSION 


The predominant cause of the loss of activity of insulin at pH 3 is de- 
naturation. This may be followed by oxidation, which does not influence 
the first reaction. 

Waugh (5), working at a somewhat lower pH, studied apparently the 
same phenomenon with the aid of the electron microscope. According to 
his observations no heat precipitation takes place at pH 3, but he heated his 
solutions for a few minutes only, whereas in these experiments the time of 
observation extends to many weeks. Waugh was able to show that beat 
precipitation involves three reactions: formation of active centers, elonga- 
tion of these centers to fibrils, and finally radial arrangement of the fibrils 
to spherolites, the visible precipitate. In our experiments the reaction is 
still more complicated by oxidation and a slight loss of ammonia. 

It is doubtful whether the over-all reaction which is measured in these 
experiments actually is of zero order. Among the simple, irreversible 
reaction types, the zero order reaction gives the best fitting curve, but such 
a simple picture of the reaction mechanism is not in accordance with the 
results obtained with the electron microscope. Therefore the apparent 
linear decrease in activity can only serve as a first approximation. 

The disagreement as regards the order of reaction existing between our 
investigations and those of Krogh and Hemmingsen is more a matter of 
interpretation than of actual differences in observations. Their number of 
determinations is too small and over too small a range to permit the estima- 
tion of the order of the reaction. 

Our previous experience about the unpredictable extent of the inactiva- 
tion has been confirmed. The stability of insulin is only a fictitious figure 
if it is given without the restriction for one particular solution of one par- 
ticular batch. That is the reason why no great significance is attached to 
the fact that the results of the stabilizing influence of zinc, observed by 
Sahyun, Goodell, and Nixon, could not be confirmed in our experiments, 
checked by biological test, before this investigation had begun. 

The method offers a means of checking the purity of insulin batches in 
which inactivated insulin is present as a contamination of the crystals. 
The zero value of the aging test can supply this information. 


SUMMARY 


1. A method is described for the determination of acid-inactivated insulin 
by making use of its low solubility in 0.03 n sodium sulfate at pH 3.0. 

2. This method has been used for the determination of the stability of 
insulin solutions. The rate of reaction is quite unpredictable and may 
show a sudden change while the reaction is proceeding, but it is, within a 
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series, dependent on temperature and pH and not on the size and condition 
of the outer surface. It is essentially a denaturation reaction. 

3. The denaturation may be followed by an oxidation of the denatured 
product, making the process irreversible. 

4. The inactive insulin does not easily hydrolyze. 

5. In some exceptional cases, for unknown reasons, the inactivation takes 
a different course without the formation of the above product. 
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OXIDATIVE DECOMPOSITION OF VITAMIN A 


[. STABILITY OF VITAMIN A TOWARDS OXIDATION 
AND IRRADIATION : 


By RENE A. BOLOMEY* 


(From the Biochemical Laboratory, Department of Chemistry, Stanford University, 
California) , 


(Received for publication, March 31, 1947) 


In recent years a considerable amount of attention has been centered 
about the stability of vitamin A towards the effects of solvents, irradiation, 
and oxidation. Many statements made in this connection are contra- 
dictory to the findings of some workers. Such apparent discrepancies 
may be reconciled, however, when the source of the vitamin in terms of 
natural protective substances as well as the purpose and method of the 
experiment is considered. 

The present investigation is designed to throw further light on the sta- 
bility of vitamin A towards oxidation and irradiation. The nature of 
the solvent and the concentration of the vitamin are taken into account 
in order to correlate the data on a more concrete basis than has been 
published hitherto. 

EXPERIMENTAL 


Equipment and Reagents—The polarograph, employed to determine the 
oxidative strength of the solvent by the ferrous-ferric ion method, was 
constructed according to the direction of Kolthoff and Lingane (8). The 
instrument was equipped with a compensating circuit so that galvanometer 
readings would be directly proportional to the ferric ion concentration. 

A Beckman quartz prism spectrophotometer, model D360, equipped 
with the ultraviolet attachments, was employed to determine the con- 
centration of vitamin A at 328 mu. We can be certain that carotenoids 
other than vitamin A are absent from soup-fin shark liver oils. Unsatu- 
rated glycerides and other substances do not markedly affect the shape 
of the absorption curves of high potency oils (2). If low potency oils 
had been used in these experiments, correction factors would have been 
necessary to give values truly representative of the vitamin A content of 
the oils. 

Soup-fin shark livers (100,000 to 500,000 I.v. per gm. of oil) obtained 
from the California Division of Fish and Game, Bureau of Commercial 


* Present address, Monsanto Chemical Company, Clinton Laboratories, Oak Ridge, 
Tennessee. 
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Fisheries, were frozen in dry ice at the time of catching and kept in this 
condition until ready for use. The livers were then ground, while frozen, 
in a meat chopper and homogenized in a blender under a stream of nitro- 
gen. An excess of sodium chloride was added to salt-out the tissue, 
After storing at 10° for 2 days under nitrogen, the clear supernatant oils 
were decanted and used as such. 

Crystalline vitamin A acetate (Distillation Products, Inc.) was dissolved 
in triacetin (Eastman Kodak Company) to give a 0.5 per cent solution by 
weight. 

Mixed tocopherols (40 per cent) (Distillation Products, Inc.) were em- 
ployed as the antioxidant. 

Peroxide-free diethyl ether was prepared by shaking c.p. diethy] ether 
with a 20 per cent solution of sodium bisulfite, then with dilute sodium 
hydroxide, and finally with water until the washings were alkali-free, 
The ether was then tested with potassium iodide and sulfuric acid to 
ascertain the absence of peroxides. In certain cases the ether was purified 
by shaking it with 5 per cent ferrous ammonium sulfate dissolved in 
3 per cent hydrochloric acid and an equal volume of concentrated hydro- 
chloric acid, then with water until the washings were free of acid. 

Decomposition under Forced Aeration—Various soup-fin shark liver oils 
as well as 0.5 per cent crystalline vitamin A acetate dissolved in triacetin 
were employed to study the effect of forced aeration at temperatures 
ranging between 70—100°. 

About 20 ml. of oil were placed in a Pyrex test-tube provided with a 
two-hole stopper. A capillary whip, inserted into one of the holes, extended 
to the bottom of the test-tube, while the other hole was connected to the 
suction pump. The test-tube was then immersed in a constant temper- 
ature water bath and air was aspirated through the oil at a rate of about 
2 liters per minute. Aliquots were drawn off from time to time, weighed, 
and diluted with isopropanol. The optical density of the resulting so- 
lutions was measured at 328 mu. 

The time required to decompose 50 per cent of the vitamin was arbi- 
trarily taken as a measure of the stability of the vitamin in the oil under 
the particular conditions of the experiment. Typical decomposition 
curves have been presented in previous papers (1, 2). As a result of a 
similar study on three different oils decomposed at various temperatures, 
the temperature coefficient of the reaction was calculated. The average 
value for every 10° rise in temperature in the range studied was 2 and varies 
from 1.6 to 2.2. Wokes and Willimott (12), working with cod liver oil, 
found a temperature coefficient of 1.4 to 1.5 per 10° rise in temperature. 

Aeration of soup-fin shark liver oils resulted in a long induction period 
followed by a rapid oxidation of vitamin A, in agreement with the findings 
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of Chevalier ef al. on vitamin A esters (3). The time of the induction 
period decreased as the temperature of the aeration increased. 

Stability values obtained on various soup-fin shark liver oils varied 
between 52 and 175 minutes. The variation in the values appears to be 
characteristic of the particular oil, since all samples had been kept under 
dry ice until used and no significant oxidation could have taken place 
prior to the test. This observation suggests that the oils from the livers 
of individual sharks contain varying amounts of antioxidants. Other 
investigators (5-7, 9) working with other oils have reported that the 
addition of mixed tocopherols to an oil increases the stability of the oil 





100 rt T T T 


\ 
\ 


PERCENTAGE DECOMPOSITION 
rs 
ee ; 
e 
a 


oe en 
Fl 7 
18) 50 100 150 
TIME IN MINUTES 








oO 





Fic. 1. Influence of mixed tocopherols on the rate of decomposition of a partially 
oxidized soup-fin shark liver oil. Curve 1 was obtained on fresh oil; Curve 2 was 
obtained after the oil had been allowed to stand 2 months at room temperature; 
Curve 3 demonstrates the regenerative effect of tocopherols on the antioxidant 
activity of the oil. The decomposition was initiated 1 hour after the addition of 
tocopherols. 


to a marked extent; this is also true in the case of soup-fin shark liver 
oils (2), but tocopherols do not prevent the ultimate decomposition of 
the oils. The addition of 0.5 per cent mixed tocopherols to an oil which had 
been allowed to stand at room temperature in an open bottle restored 
a large portion of the stability of the vitamin (Fig. 1). Curve 1 was 
obtained on the fresh oil, Curve 2 was obtained on the same oil after it 
was allowed to stand 2 months in an open bottle in the laboratory (the 
sample was shaken daily), and Curve 3 demonstrated the effect obtained 
when 0.5 gm. of mixed tocopherols was added to 100 gm. of the partially 
decomposed oil. 

The high degree of stability of vitamin A in soup-fin shark liver oils 
indicated by these experiments is not to be misinterpreted. Even though 
the oils had been drastically treated and showed no loss of vitamin A in 
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the initial lag period of the decomposition, the oils had lost the greater 
part of their antioxidant activity and had become rancid. This has been 
more clearly shown in Figs. 2 to 5 of previous publications (1, 2). The 
results showed that, although the potency remained the same over a period 
of time, the stabilities of the vitamin towards aeration decreased as much 
as 80 per cent. Sanford and Harrison' reported similar results on the 
stability of vitamin A in dogfish liver oils. 

Decomposition of Dilute Solutions—A number of soup-tin shark liver 
oils and of vitamin A ester concentrates were dissolved in diethyl ether 
and in methylene chloride. One-half of the resulting solutions were placed 
in the dark; the other half were kept in diffused light. Aliquots were 
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Fig. 2. Stability of a natural vitamin A ester concentrate in refrigeration grade 
methylene chloride. Effect of oil concentration on the rate of decomposition in 
the absence of light (A) and in the presence of light (B). Curves 1, 2, and 3 represent, 
respectively, 0.002, 0.04, and 1.0 per cent oil in methylene chloride. 


drawn at various intervals, the solvents removed in vacuo, and isopropanol 
added as required. The optical density at 328 my of the resulting so- 
lutions was determined in the Beckman quartz prism spectrophotometer. 
In all cases the percentage decomposition was greater in the presence of 
light and in the more dilute solutjons (Fig. 2). Thus a1 per cent solution 
of a soup-fin shark liver oil in methylene chloride showed only about 
t per cent decomposition in the course of 12 hours when exposed to diffused 
daylight, while a 0.002 per cent solution of the same oil in methylene chlo- 
ride was 98 per cent decomposed in the same period. 

The addition of mixed tocopherols to fresh dilute solutions (Fig. 3) 
markedly retarded the rate of decomposition, suggesting that the decompo- 
sition is of an oxidative nature. Similar results were obtained with 


‘ Sanford, F. B., and Harrison, R. W., Technological Laboratory, United States 
Department of the Interior, Seattle, Washington; personal communication. 
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diethyl ether as the solvent (1). That the decomposition is the result 
of oxidation is further borne out in the following experiment. Treatment 
of the above solvents with ferrous ammonium sulfate resulted in a rapid 
oxidation of ferrous to ferric ion, as determined polarographically. The 
solvents thus reduced were not as effective as oxidants for ferrous ion (2) 
and for vitamin A (Fig. 4) as were the untreated solvents. That the sol- 
vents retained a fraction of their oxidizing power was undoubtedly the 
result of dissolved oxygen. 
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Fie. 3. Effect of mixed tocopherols on the irradiative decomposition of a soup-fin 
shark liver oil dissolved in refrigeration grade methylene chloride. The time of 
irradiation was 4 hours for Curve 1 and 22 hours for Curve 2. The oil concentration 
was 0.03 per cent. 

Fic. 4. Effect of purification of methylene chloride on the rate of decomposition 
of dilute vitamin A solutions. Curves 1 and 3 were obtained on solutions kept in 
the presence of light, while Curves 2 and 4 were obtained on solutions kept in the dark. 
The solvent employed for Curves 1 and 2 was untreated, while that used for Curves 
3 and 4 had been previously treated with ferrous ion in the presence of dilute hydro- 
chloric acid. 


The dilute vitamin A solutions contained the equivalent of 3 to 4 
of vitamin A per ml. The solubility of oxygen in the solvents is undoubt- 
edly great enough to oxidize vitamin A to a noticeable extent in such dilute 
solutions. 

DISCUSSION 

Evers (4) states that vitamin A in cod liver oil is destroyed by light 
and oxidation and that the chief cause of the decreased potency of such 
oils is light. He remarks also that the addition of 0.05 per cent hydro- 
quinone does not prevent the destructive effect of light. It is shown here 
that heat and light catalyze the oxidative decomposition of vitamin A 
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and that mixed tocopherols have good antioxidant properties. In this 
connection we must remember that antioxidants do not prevent the 
ultimate oxidative destruction of a compound, but merely retard the rate 
of the decomposition. 

Smith ef al. (10) irradiated alcoholic solutions of vitamin A with ultra- 
violet light of a wave-length exceeding 300 mu. According to these authors 
this treatment resulted in a progressive decrease in the E value at 328 my. 
The more intense the irradiation, the more rapid was the destruction of 
the 328 my band. When these irradiated solutions were allowed to 
stand in the dark, the / value at 328 mu increased towards the original 
value. The greater the ‘decomposition,’ the less complete was the 
recovery, which indicates, according to these authors, that vitamin A 
undergoes a reversible photochemical isomerism accompanied by an 
irreversible destruction. We did not notice any restoration of the E value 
at 328 mu in our samples subjected to this treatment. Instead we found 
a further though less marked decrease in the EF value at 328 my which 
we attributed to dissolved oxygen. Supplee and Odessa (11) found that 
irradiation of milk, either dry or liquid, did not result in the destruction 
of vitamin A or in the production of toxic symptoms when such milk was 
fed to rats. 

From the above it is quite certain that in any statement regarding the 
stability of vitamin A the ratio of the vitamin to dissolved oxygen or 
peroxides and the presence and nature of antioxidants must be taken into 
consideration. Light and heat catalyze the oxidative decomposition 
of vitamin A, the former probably through the intermediate formation 
of an activated vitamin A molecule. 

SUMMARY 

Various soup-fin shark liver oils and vitamin A preparations have been 
subjected to forced aeration at various temperatures. The stability of 
vitamin A, defined as the time required to decompose 50 per cent of the 
vitamin under aeration at 100°, varies between 52 and 175 minutes for 
soup-fin shark liver oils. ‘The temperature coefficient of the reaction was 
found to be close to 2 for every 10° rise in the temperature range from 
70-100°. The length of the induction period varied inversely with the 
temperature of aeration. 

Dilute solutions of vitamin A on standing at room temperature show a 
greater percentage decomposition than do the more concentrated solutions. 
The decomposition seems to be an oxidation that is catalyzed by light and 
heat. 


The research was carried out under the general direction of Dr. J. Murray 
Luck to whom I extend my grateful appreciation for his keen interest 
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in the work and for his valuable criticisms and suggestions. I am also 
indebted to the Division of Fish and Game, Bureau of Natural Resources, 
State of California, for the generous funds which made this work possible. 


BIBLIOGRAPHY 


1. Bolomey, R. A., Thesis, Stanford University (1946). 
2, Bolomey, R. A., and Tompkins, P. C., State California, Dept. Nat. Resources, 
Fish Bull. 64, 87 (1946). 
3. Chevalier, A., Matheron, R., and Roux, H., Compt. rend. Soc. biol., 182, 523 (1939). 
4, Evers, N., Chem. Abstr., 24, 2162 (1930); Quart. J. Pharm. and Pharmacol., 2, 
556 (1929). 
5. Golumbic, C., J. Am. Chem. Soc., 63, 1142 (1941). 
6. Harris, P. L., Kaley, M. W., and Hickman, K. C. D., J. Biol. Chem., 162, 313 
(1944). 
7. Hickman, K. C. D., Kaley, M. W., and Harris, P. L., J. Biol. Chem., 162, 303 
(1944) ; 162, 321 (1944). 
§. Kolthoff, I. M., and Lingane, J. J., Polarography, Polarographic analysis and 
voltammetry, New York, 215-248 (1941). 
9, Quackenbush, F. W., Cox, R. P., and Steenbock, H., J. Biol. Chem., 146, 169 
(1942). 
10. Smith, E. L., Robinson, F. A., Stern, B. E., and Young, F. E., Biochem. J., 38, 
207 (1939). 
11. Supplee, G. C., and Odessa, D. D., J. Biol. Chem., 75, 227 (1927). 
12. Wokes, F., and Willimott, 8. G., Biochem. J., 21, 419 (1927). 
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Il. ABSORPTION SPECTROPHOTOMETRY OF OXIDIZED VITAMIN A 
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(From the Biochemical Laboratory, Department of Chemistry, Stanford University, 
California) 


(Received for publication, March 31, 1947) 


A number of investigators (2, 4, 5, 9-14) have demonstrated that vitamin 
A is readily decomposed under the influence of ultraviolet light. The 
effect. of irradiation on the absorption spectrum of vitamin A has been 
studied by Dubouloz (5), Chevalier (3, 4), and, by Sobotka et al. (13). 
These authors found that ultraviolet light induces a series of changes in 
the shape of the absorption curve, characterized by the appearance of 
new maxima at the expense of the 328 mu chromogen. The concentration 
of vitamin A in their solutions was of the order of 3 to 4 y per ml., a concen- 
tration that may be employed to develop the spectrogram without resorting 
to further dilution. Although such low concentrations of the vitamin do 
not permit isolation of the degradation products, these authors entertained 
the plausible belief that their solutions contained traces of oxygen which 
could not be removed by the usual methods and that the molecular ratio of 
oxygen to vitamin A was sufficiently high to oxidize noticeably the vitamin 
under the influence of ultraviolet light. Thus the appearance of new 
maxima of wave-lengths shorter than 328 my would be the result of oxi- 
dative products, while those appearing at wave-lengths longer than 328 my 
would be dependent upon polymerization of some degradation products, 
or possibly be due to the production of axerophthol, the aldehyde cor- 
responding to vitamin A (2-5, 8, 12, 13). 

The present investigation has been designed to prove that the changes 
in the shape of the absorption spectrum of vitamin A under the influence 
of irradiation are the result of oxidation catalyzed by irradiation. 


EXPERIMENTAL 

Preparation of Reagents—-Soup-tin shark liver oils were prepared as 
previously described (1). 

Crystalline vitamin A acetate (Distillation Products, Inc.) was dissolved 
in triacetin (Eastman Kodak Company) to give a 0.5 per cent solution 
by weight. 

* Present address, Monsanto Chemical Company, Clinton Laboratories, Oak Ridge, 


Tennessee. 
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Absolute ethyl alcohol was prepared according to the method given in 
Gilman (6). 

Peroxide-free diethyl ether was obtained by shaking c.p. diethyl ether 
with a 20 per cent solution of sodium bisulfite, then with dilute sodium 
hydroxide, and finally with water. 


Method 


Various soup-fin shark liver oils and crystalline vitamin A acetate were 
aerated at various temperatures in the presence and in the absence of 
diffused light, as described in a previous paper (1). Weighed aliquots 
were withdrawn from time to time and diluted with isopropanol. The 
ultraviolet absorption spectra of the resulting solutions, contained in 1 em. 
quartz cells, were obtained with a Beckman D360 quartz prism spectro- 
photometer equipped with a hydrogen discharge lamp and an ultraviolet- 
sensitive phototube. The readings were taken at intervals of 2 my in 
the range of 214 to 400 mu. Four or five points along the curve were 
redetermined at the conclusion of a run in order to check the stability 
of the solutions in the instrument. ‘The check results were in good agree- 
ment for the most part, although discrepancies were encountered at times 
below 220 to 230 mu. 

DISCUSSION 


The aeration of soup-fin shark liver oils produces a succession of changes 
in the shape of the absorption curves of the resulting solution in isopropanol 
(Fig. 1). As decomposition progressed, the maxima of the successive 
absorption curves shifted toward lower wave-lengths. These maxima 
were located at 326 to 328, 310 to 312, 294 to 296, 284 to 286, and at 274 to 
275 mu. Similar results were obtained with vitamin A acetate. In 
addition to these maxima, soup-fin shark liver oils showed an inflection 
or maximum at about 230 my, while vitamin A acetate showed only an 
increased absorption in this region, with a possible maximum located at 
a wave-length lower than 220 my. This last band became more pro- 
nounced as decomposition progressed. The extinction coefficient at about 
290 mz was found to be fairly constant for any given oil irrespective of 
the extent of the aeration. Similar results have recently been published (7). 

The effect of the aeration temperature on the resulting absorption 
spectrum was found to be negligible with the exception that the rate of 
reaction was faster and that the extinction coefficient of the bands below 
295 mu tended to be lower as the aeration temperature was raised. This 
is probably the result of increased volatility of some of the products at 
the more elevated temperatures. Aeration in the presence of light did 
not cause the shape of the resulting absorption curves to differ from those 
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Fig. 1. Effect of aeration on the absorption spectrum of soup-fin shark liver oil. 
Curves 1 through 6 were obtained respectively at 0, 8, 9, 124, 15, and 20 hours aeration 
at 60°. 
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Fic. 2. Absorption spectra of a 0.002 per cent isopropanol solution of a soup-fin 
shark liver oil allowed to stand at room temperature in the dark. Curves 1 through 3 
represent, respectively, 0, 14, and 38 hours standing. 

Fic. 3. Absorption spectra of a 0.002 per cent isopropanol solution of a soup-fin 
shark liver oil allowed to stand at room temperature in the presence of light. Curves 
1 through 3 represent, respectively, 0, 2, and 4 hours standing. 


obtained by aeration in the dark. Similar results were obtained on dilute 
isopropanol solutions of the oils kept standing in the dark (Fig. 2) or in the 
presence of light (Fig. 3). 

It will be recalled from an earlier paper (1) that vitamin A in dilute 
solutions exhibits decomposition more readily than in more concentrated 
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solutions, and that the rate of decomposition is also proportional to the 
“peroxide number” of the solvent employed and the temperature at which 
the solution is kept. It is quite apparent that each reaction is character- 
istically the same; namely, an oxidation catalyzed by light and heat. 
The product absorbing at 276 to 278 my is probably identical with that 
resulting from the irradiative decomposition of vitamin A reported by 
_Sobotka et al. (13). There is a striking similarity between the shape of 
the curves presented in this paper and those reported on irradiated vitamin 
A alcohol (13) and on irradiated halibut liver oils (5), suggesting that ir- 
radiation of vitamin A-containing oils produces secondary oxidative 
reactions. Aeration did not produce the 346 my and the 364 my bands 
resulting from the irradiation of vitamin A acetate (13) or of halibut 


liver oils (5). 
SUMMARY 


Aeration of vitamin A acetate dissolved in triacetin and of soup-fin 
shark liver oils or long standing of diluted solutions of these oils both in 
the presence and in the absence of light resulted in the successive appearance 
of maxima towards lower wave-lengths. These were located at 326 to 328, 
310 to 312, 294 to 296, 284 to 286, and 274 to 275 my. The shape of the 
curves was essentially the same as of those reported by Sobotka et al. (13) 
and by Chevalier and Dubouloz (4) onirradiating vitamin A-containing 
oils. It is, therefore, believed that irradiation produces a secondary 
photooxidation that is responsible for the changes in the absorption 
spectrum of vitamin A reported by others. 


‘The research was carried out under the general direction of Dr. J. Murray 
Luck to whom I extend my grateful appreciation for his keen interest 
in the work and for his valuable criticisms and suggestions. I am also 
indebted to the Division of Fish and Game, Bureau of Natural Resources, 
State of California, for the generous funds which made this work possible. 
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A RAPID METHOD FOR THE PRODUCTION AND ISOLATION 
OF PENICILLINASE 
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Ottawa, Canada) 


(Received for publication, May 6, 1947) 


Production and purification of the extracellular penicillinase from Bacillus 
cereus, NRRL 569, have been reported by LePage, Morgan, and Campbell 
(3). The procedure employed consisted of adsorption on Hyflo Super- 
Cel, elution with dilute ammonia water, ammonium sulfate fractionation, 
dialysis, and lyophilization. By a similar purification method subsequently 
published by Housewright and Henry (2) partially purified enzyme of 
relatively low activity was obtained. 

The increasing application of penicillinase to testing penicillin sterility 
has made the development of simpler and more rapid methods of production 
highly desirable. The present investigation was therefore undertaken. 


EXPERIMENTAL 


Previous investigations on the production of penicillinase by Bacillus 
cereus, NRRL 569, had shown that addition of excess penicillin early in the 
growth period caused lysis of a considerable proportion of the cells. Re- 
cently, with penicillin of greater purity at the same unitage levels, this 
observation was no longer noted. It was assumed therefore that at least 
part of the lytic effect might be due to one or more impurities in the pen- 
icillin preparations. At the same time, it was felt that greater advantage 
could accordingly be taken of the adaptive nature of the enzyme by adding 
more substrate during the early stages of growth with the possibility of 
reducing the production time. 

A relatively pure penicillin G (1400 units per mg.) and salts with mixed 
penicillins ranging in purity from 500 to 1000 units per mg. were tested. 
While in most cases impure material was reasonably satisfactory, more 
reproducible results were obtained with pure penicillin. The lack of suf- 
ficient high purity preparations for these studies would have made the 
development and use of a synthetic medium meaningless at this time. 

It had been pointed out previously (3) that lots of yeast extract varied in 
their suitability for enzyme production. Certain lots, while supporting a 
satisfactory growth of Bacillus cereus, were not suitable from the standpoint 
of enzyme yield. Moreover, the pH tended to rise to 8.0, causing dif- 
ficulties in assays and enzyme recovery. With the incorporation of 0.1 to 
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0.2 per cent glucose in such media reasonably high titers could be obtained 
in 24 hours and growth was maintained at neutrality. 

In practice, however, it has been found advisable to test small amounts of 
various batches of yeast extract and select one for use which, in the absence 
of penicillin, produces a titer of at least 128 dilution units per ml. (3) in 24 
hours. Such lots are then used without glucose addition. 

Method—With a satisfactory lot of yeast extract and the medium pre- 
viously reported (3) carboys are seeded with a 2 per cent inoculum of an 
18 hour Bacillus cereus broth culture. These are maintained at 22-26° 
with rapid aeration. At the end of 3 hours 1 unit of high potency penicillin 
is added per ml. of culture medium. At 5, 7, and 9 hours, penicillin ad- 
ditions to final concentrations of 4, 10, and 25 units respectively are made. 
The penicillin is diluted in small quantities of sterile distilled water prior to 
addition to the culture. 

In 48 hours titers are sufficiently high to warrant recovery of the enzyme. 
With optimal conditions titers greater than 20,000,000 dilution units per 
ml. have been reached. Higher yields of enzyme are obtained if greater 
amounts of penicillin are added but a longer growth period becomes neces- 
sary. 

At the end of the incubation period the culture is passed through a 
Sharples supercentrifuge and the cell-free culture filtrate retained for en- 
zyme recovery. 

Assay—The method of assay outlined in the previous publication was 
used (3), a “dilution unit” being defined as that dilution of enzyme in phos- 
phate buffer, pH 7.0, which causes 50 per cent inactivation of 1 unit of 
penicillin in 1 hour at 37° as tested by a cup-plate assay. With the de- 
velopment of more active filtrates and of highly purified enzyme, end-points 
have become increasingly difficult to obtain. Complete inactivation of 
penicillin was frequently found in dilution series carried to thirty tubes. 
For this reason the tube dilution assay becomes somewhat unsuitable when 
used to test highly active materials. 

It was observed that broths of pH 8.0 could not be assayed accurately 
without preliminary adjustment to pH 7.0. When this was not done, 
significantly lower end-points were obtained. This observation reaffirms 
the sharp pH optimum for penicillin inactivation previously suggested (3). 

In spite of these objections this assay provides a reasonably quick and 
accurate estimation of penicillinase activity. In addition potency of all 
final enzymes is further assayed by testing the activity of 1 mg. against 
graded amounts of concentrated penicillin solutions. 


Isolation of Enzyme 


Precipitation—In an endeavor to find a suitable method to replace the 
cumbersome adsorption and elution technique, the effect of addition of acid 
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to the cell-free culture filtrate was studied. Preliminary experiments in- 
dicated that adjustment of the culture liquor to pH readings of approx- 
imately 4.5 served to precipitate the enzyme, which could then be recovered 
by filtration through fritted glass filters. Detailed studies were accordingly 
carried out to determine the optimal conditions for enzyme precipitation. 

A 5000 ml. volume of cell-free filtrate was divided into five equal portions. 
The pH of these lots was adjusted with glacial acetic acid to several points 
in the acid range. All acid additions were carried out gradually with 
mechanical mixing at a temperature of 5°. After allowing 4 hours at 5° 
for floccule formation, the precipitated material was filtered off, redissolved 
in 0.5 per cent ammonia water (3), and the enzyme reprecipitated by 100 


TABLE I 
Relationship of pH to Precipitation of Penicillinase from Culture Filtrates* 
The results are expressed as dilution units multiplied by dry weights of material. 














pHt Activity recoveredt 
5.8 30, 400,000 
5.4 56 , 500 ,000 
5.0 31,600,000 
4.6 3,700,000 
4.2 80, 000 





* Original activity of culture filtrate, 65,000,000 dilution units per liter. 
t Initial pH of the culture filtrate, 7.2. 
t All activities reported are based on 1 liter of cell-free culture filtrate. 


per cent ammonium sulfate saturation. After dialysis and lyophilization 
penicillinase activity was measured. ‘Typical results are presented in 
Table I. 

From these results it would appear that adjustment of the pH to 5.4 gave 
maximal yields of penicillinase, and that pH values much lower than 5.0 
resulted in serious loss of enzyme. Subsequent experiments have estab- 
lished that reduction of the culture filtrate to pH 5.2 yielded optimal 
recoveries. 

Further reduction of the pH of all the above fractions to 3.8, after removal 
of the originally precipitated material, did not lead to further recovery 
of penicillinase. Enzyme activity appeared to be lost when the culture 
filtrate was allowed to stand at low pH levels. 

Adjustment of the clear culture liquid to pH 5.2 resulted in the appear- 
ance of a very fine diffuse turbidity. After standing at 5° for 2 hours, tiny 
floccules appeared which became larger after 24 hours. To determine 
whether losses occurred at the flocculation stage the relationship of time to 
enzyme precipitation was therefore investigated. 
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A 2000 ml. volume of culture liquid was adjusted to pH 5.2 with glacial 
acetic acid and immediately divided into eight equal portions. One aliquot 
was filtered at once, while the remaining seven were filtered after being held 
at 5° for periods of 4, 1, 2, 4, 8, 12, and 24 hours respectively. Residual 
activity in the filtrates was then measured. Irrespective of whether fil- 
tration was carried out immediately or was deferred for periods up to 24 
hours, no significant differences could be detected in amounts of enzyme 
lost in the filtrates. 

Comparison of the activity of the original culture liquor with the activity 
remaining after acid precipitation showed clearly that very little loss of 
penicillinase took place at this step. In general, approximately 0.1 per 
cent of the original activity remained in the filtrates and losses greater than 
1.0 per cent were never encountered. These values compare favorably 
with the 4 per cent loss previously shown to occur during Super-Cel 
adsorption (3). 

Precipitation with acids other than acetic was also tested. No appreci- 
able differences in either yield or activity of final enzyme could be obtained 
when the culture filtrate was acidified with hydrochloric, sulfuric, phos- 
phoric, or acetic acids. 

Attempts to remove precipitated penicillinase from the culture filtrate by 
repeated passage through a Sharples supercentrifuge resulted in consider- 
able loss of enzyme. It was found that quantitative recovery could be 
achieved by passage through fritted glass filters, provided an F porosity 
was used. 

Fractionation—Purification of acid-precipitated penicillinase was first 
attempted by fractionation at 50 and 100 per cent ammonium sulfate 
saturation. Contrary to results in previous studies (3), variable amounts 
of enzyme, representing up to 75 per cent of the total activity, were pre- 
cipitated at 50 per cent saturation. Extensive investigations were accord- 
ingly conducted to determine optimal conditions for the fractionation 
procedure. 

A 5000 ml. volume of cell-free culture filtrate was acidified to pH 5.2 and 
the precipitated enzyme removed by filtration. The precipitate was dis- 
solved from the filters in a total volume of 1000 ml. of 0.5 per cent am- 
monia water and was then divided into ten 100 ml. portions. To each lot 
solid ammonium sulfate was added to give increasing degrees of saturation. 
After removal of precipitated material all filtrates were made up to 100 per 
cent saturation and flocculated material recovered. Following dialysis 
and lyophilization, the penicillinase activity of each fraction was deter- 
mined. The results are presented in Table IT. 

From these results it would appear that maximal precipitation of active 
material is obtained at 70 per cent ammonium sulfate saturation and that at 
higher salt concentrations increasing amounts of inactive material floc- 
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culate. A considerable advantage to the selection of the 70 per cent level 
is that this reduced ammonium sulfate concentration decreases viscosity of 
the solution and speeds up the filtration process. 

Removal of impurities can be effected by saturations of ammonium sul- 
fate from 10 to 40 per cent, while above this level appreciable losses of 
enzyme occur. ‘The amount of penicillinase removed in the range of 20 to 
40 per cent saturation was found to be dependent upon protein concen- 
tration, considerable quantities of enzyme being carried down from con- 
centrated solutions. For this reason, a level of 10 per cent ammonium 
sulfate was adopted as most practicable for general use. 


TaBLeE II 
Ammonium Sulfate Fractionation of Acid-Precipitated Penicillinase 
The activity is expressed as dilution units per mg. of dry weight. 

















oe | Activity | (NH,4)2SO, saturation Activity® 
per cent | 

10 256 | 10% made to 100% 1,000,000 
20 256 20% * * 100% 260 ,000 
30 1,024 | 30% “ * 100% 260,000 
40 1,024 | 40% “ * 100% 2,048 
50 2,048 | 50% * * 100% 1,024 
60 33,000 | 60% “ * 100% 64 
70 > 1,000,000 70% “ * 100% 32 
80 1,000,000 80% “ * 100% s 
9 | 1,000,000 | 9% “ * 100% 4 
100 1,000,000 | 





* Apparent enzyme losses near the half saturation level can be accounted for by 
greater weight of low activity material. 


Repeated tests on filtrates after precipitation of enzyme by saturated 
ammonium sulfate failed to demonstrate residual penicillinase activity, and 
quantitative removal of enzyme is therefore indicated. This finding is at 
some variance with the report by Housewright and Henry (2) that less 
than 10 per cent activity was recovered following precipitation with satu- 
rated ammonium sulfate at pH 5.0, 7.5, and 8.8. 

Based on the above experimental data the following fractionation pro- 
cedure was adopted. The acid-precipitated enzyme is dissolved in 0.5 
per cent ammonia water to one-fortieth the volume of original culture. 
Impurities are removed at 10 per cent ammonium sulfate saturation and 
active enzyme is precipitated at 70 per cent saturation. A period of 1 to 
2 hours at 5° was found advisable to permit flocculation with both fractions. 

Dialysis—The enzyme was quantitatively dissolved from the filters in 
distilled water. After transfer to cellophane sacs it was purified by dialysis 
against distilled water at 5° for a period of 24 hours. It was noted that 
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dialysis of concentrated solutions resulted in protein flocculation ag the 
salt concentration approached zero. 

The dialyzed material was lyophilized and refrigerated over a desiccating 
agent. 

Tasie III 
Effect of Dialysis upon Penicillinase Activity 

The results are expressed as dilution units multiplied by the dry weight of the 

material. 











Experiment No. | Penicillinase Total activity® 
’ | Before dialysis | 14,000,000 
After 6c > 22,000 , 000 
3 Before °° 6, 250, 000 
After - > 66 , 250, 000 


* All activities reported are based on 1 liter of cell-free culture filtrate. 


Tasie IV 


Yields and Activity of Penicillinase Prepared by Acid Precipitation and by Super-Cel 
Adsorption 


The activity is expressed as dilution units per mg. of dry weight. 





Purification method ONE )e90s Vield* Activity per mg. 
per cent me. 
Acid precipitation 10 20.0 512 
70 17.0 2,000 , 000 , 000 
Super-Cel adsorption 50 86.0 128 
100 24.5 | 250 , 000 , 000 


* All yields reported are based on 1 liter of cell-free culture filtrate. 


To determine whether appreciable losses occurred during the dialysis 
procedure, aliquots of solutions before dialysis were lyophilized and the 
activity of this material compared with that of the final enzyme. Results 
of two typical experiments are presented in Table IIT. 

In all cases total activity after dialysis greatly exceeded the calculated 
total activity of the undiaJyzed material. No penicillinase could be dem- 
onstrated in the dialyzing water from these experiments. Further, when 
the dialyzed enzyme was redissolved and assayed in dialyzing water in place 
of the usual 0.05 m phosphate buffer, no inhibition of penicillinase activity 
resulted. No explanation for the increased activity after dialysis is offered 
at the present time. However, further studies are in progress. 

This observation of greatly increased activity following dialvsis is not in 
agreement with the recent report by Housewright and Henry (2) that 
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greater than 50 per cent losses occurred at this step. Larlier work by 
Woodruff and Foster (4) and by Duthie (1), in which penicillinase from 
other bacterial species was employed, had also indicated enzyme loss during 
dialysis. 

A comparison of the yield and activity of penicillinase prepared by the 
acid precipitation method with that of enzyme obtained by the adsorption 
procedure is presented in Table IV. 


DISCUSSION 


It is apparent that removal of penicillinase from the culture filtrate by 
acid precipitation is a much more specific procedure than adsorption on 
Hyflo Super-Cel, since only relatively small amounts of impurities are later 
removed by salt fractionation. Moreover, it has been established that the 
enzyme prepared by this new method is many times more active than the 
final product prepared by the adsorption procedure. 

In all experiments careful checks on enzyme recoveries at each step were 
maintained, and no serious losses were detected at any point. Total activ- 
ity of purified enzyme was found to correspond very closely with total 
activity of the original culture filtrate, and it is therefore felt that practi- 
cally quantitative recovery of penicillinase has been achieved. This cor- 
relation is difficult to establish by the previous method, since amounts of 
enzyme remaining on the adsorbate can only be determined indirectly from 
the final vield. Moreover, the acid precipitation method presents con- 
siderable advantages owing to its simplicity and greatly shortened re- 
covery time. By this procedure penicillinase of extremely high activity can 
be prepared within 72 hours. 

SUMMARY 


Further studies on the production of penicillinase by Bacillus cereus, 
NRRL 569, have been conducted. By the careful regulation of cultural 
conditions very high enzyme titers have been produced in 48 hours. 

Isolation of penicillinase from the culture filtrate has been accomplished 
by adjustment of the pH to 5.2. Precipitated enzymic material is re- 
covered by filtration through fritted glass Biichner funnels. Impurities 
are removed at 10 per cent ammonium sulfate saturation. The enzyme is 
subsequently precipitated at 70 per cent saturation, dialyzed, and 
lyophilized. 

Yields and activity of penicillinase by two methods are compared. 
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INHIBITION OF THE ACTION OF TYROSINE 
DECARBOXYLASE BY PHOSPHORYLATED 
DESOXYPYRIDOXINE 


By J. M. BEILER anp GUSTAV J. MARTIN 
(From the Research Laboratories, The National Drug Company, Philadelphia) 


(Received for publication, April 14, 1947) 


A great deal of evidence has been presented to show that the hyper- 
tension occurring in certain cases of renal dysfunction may be caused by the 
inability of the kidneys to remove the pressor amines formed by the 
decarboxylation of dopa and tyrosine. Bing and Zucker (1) showed that 
the injection of dihydroxyphenyl-t-alanine into the ischemic kidneys 
of cats caused a rise in blood pressure. Oster and Sorkin (2) showed that 
the injection of this substance into humans with essential hypertension 
produced a similar pressor response. Martin (3) showed that rats fed diets 
high in tyrosine developed hypertension and that tyrosine was not as toxic 
in pyridoxine-deficient rats (4). 

A consideration of these findings suggested that an inhibition of the 
decarboxylation of dopa and tyrosine, which would prevent the formation 
of the pressor amines derived from these amino acids, might be an ef- 
fective therapeutic measure in cases of renal hypertension. 

Tyrosine decarboxylase derived from Streptococcus faecalis R was chosen 
as a convenient vehicle for studying the effects of various inhibitory agents 
on the decarboxylation of the amino acids in question. It has been shown 
(5) that the coenzyme of tyrosine decarboxylase is a phosphorylated 
pyridoxal. Karrer and Viscontini (6) have prepared this substance in 
crystalline form. Since desoxypyridoxine (7) is known to be an effective 
inhibitor of pyridoxine, its action on the system was studied in the hope 
of obtaining an inhibition of decarboxylation. 


EXPERIMENTAL 


Tyrosine decarboxylase was prepared from Streptococcus faecalis R 
according to the method of Epps (8). The bacteria were incubated for 
18 hours at 37° and pH 7 in a medium containing 1 per cent acid casein 
hydrolysate, 1 per cent glucose, and 1 per cent yeast extract. At the end 
of this period the cells were centrifuged off, washed with water, and dried 
with acetone. 

The action of the displacing agents on this preparation was studied by 
the use of the Warburg apparatus. In the main compartment of each cup 
were placed 1 mg. of the enzyme preparation dissolved in 2 ml. of 0.2 
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m acetate buffer, pH 5.5, and 0.5 ml. of a solution of the displacing agent 
used in water. The side bulb contained 0.5 ml. of a suspension of either 
m/30 tyrosine or M/15 dopa. 

After a 15 minute period of equilibration at 28° the manometers were 
closed and the substrate tipped from the side bulbs into the flasks. The 
reaction was run for $ hour. 

The results obtained showed that desoxypyridoxine' was entirely in- 
effective as a displacer in this system in concentrations ranging up to 300 
y per ml. 

Since Gunsalus, Bellamy, and Umbreit (9) had shown that pyridoxal 
was not active as a coenzyme unless it was phosphorylated, it was a natural 


TaBieE I 


Inhibition of Action of Tyrosine Decarbozrylase by Phosphorylated Desorypyridozine 
Substrate, M/30 tyrosine. Cups 1, 2, and 3 contained 0.5 ml. of desoxypyri- 
doxine phosphate preparation. 























Manometric reading 
Time : 

Barometer} Control | Control | Cupi | Cup2 Cup 3 
ne ap emia a mm. mm. mm. mm. me mm. mm. 
, =r -......+] 150.0] 149.0} 150.0] 150.0] 148.8 | 150.0 
a ss, ..| 153.8 | 167.8 | 168.6] 166. 4 164.2 | 165.0 
Net weight ...................) 3.8] 15.0] 14.8] 12.2 | 1.6) 11.2 
Se een rere 51.4) 49.6) 39.2| 36.7 7 36.2 














* Expressed in e.mm. of CO, evolved per hour per mg. . of dried enzyme prepara- 
tion. 


assumption that the lack of activity of desoxypyridoxine as a displacing 
agent was due to its lack of a phosphate group. 

Desoxypyridoxine was accordingly phosphorylated by the method used 
by Umbreit, Bellamy, and Gunsalus (5) for the phosphorylation of pyri- 
doxal. 22 mg. of desoxypyridoxine were dissolved in 2.2 ml. of water and 
0.2 ml. of 1:1 NaOH were added. The solution was chilled in an ice bath 
and 0.1 ml. of POCI; plus 0.4 ml. of 1:1 NaOH was added. The mixture 
solidified, and was warmed until the precipitate dissolved, then chilled 
again. Theaddition of the same amounts of POC]; and NaOH was repeated 
four more times, with warming aftereach addition. After the last treatment, 
the solution was chilled until small crystals formed throughout the tube, 
and was then centrifuged while cold. The precipitate was discarded. 
The supernatant was brought to pH 6 to 7 with HCI and diluted to 25 ml. 


! Desoxypyridoxine was obtained through the courtesy of Dr. R. T. Major of 
Merck and Company, Inc., Rahway, New Jersey. 
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In the experiments reported 0.5 ml. of this solution was used, containing 
an amount of the phosphorylated compound corresponding to about 20 
y of desoxypyridoxine. 

This preparation was found to be an effective inhibitor of the action of 
tyrosine decarboxylase. Two different preparations gave average inhibi- 
tions of CO, evolution of 20 and 35 per cent respectively. A representative 
set of experimental figures is given in Table I. 

Desoxypyridoxine phosphate has been shown to be an effective displacer 
of pyridoxal phosphate. Since pyridoxal phosphate is believed to be the 
coenzyme not only of tyrosine decarboxylase but of all the bacterial amino 
acid decarboxylases, this displacing agent may assume a wide-spread 
importance as a regulator of bacterial metabolism. 

The wide-spread occurrence of pyridoxal phosphate in animal tissues 
suggests that this compound has some coenzyme function in the animal 
body, especially in view of the function of the analagous phosphates of 
thiamine and riboflavin. In this event the possession of an effective 
displacing agent becomes of manifest importance. 


SUMMARY 


Desoxypyridoxine is ineffective as an inhibitor of the action of tyrosine 
decarboxylase. 

Phosphorylated desoxypyridoxine displaces pyridoxal phosphate in the 
tyrosine decarboxylase system. 
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A MANOMETRIC METHOD FOR DETERMINING THE 
KINETICS OF AN ENZYMATIC HYDROLYSIS OF 
PEPTIDES* 


By PAUL C. ZAMECNIK ano MARY L. STEPHENSON 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital 
of Harvard University, at the Massachusetts General Hospital, Boston) 


(Received for publication, March 29, 1947) 


Although a number of standard methods are available for determining the 
rate of hydrolysis of peptide bonds (1-6), no one of these procedures pro- 
vides the flexibility of operation which characterizes the manometric 
techniques evolved in the study of the respiratory enzymes. The present 
procedure was worked out in the hope of providing a manometric method 
suitable for use in studying the behavior of catheptic enzymes in crude tissue 
extracts. It is in dealing with such preparations that the greatest diffi- 
culties are encountered with titration procedures. The present method 
depends on the ability of a bacterial decarboxylase to split off carbon di- 
oxide from free L-tyrosine, but not from tyrosine as bound in peptide 
linkage in the substrate carbobenzoxy-t-glutamyl-t-tyrosine.! Thus, a 
second or “indicator’’ enzyme is used to record the reaction kinetics of the 
catheptic enzyme under investigation. 

Stimulation for this approach came from recent estimation (7) of the 
amino acid composition of protein hydrolysates by means of bacterial 
decarboxylases, and the observation (8) that L-tyrosine decarboxylase will 
not attack glycyl-L-tyrosine. An analogous method has been used by 
Zeller (9, 10) in following the distribution of peptidase in the brain. Whereas 
Zeller’s procedure, in which a snake venom amino acid oxidase is em- 
ployed, is most suitable for dealing with peptidases at pH 7, the method 
to be described below operates optimally at pH 5.0 to 5.5. 

The principle of the decarboxylase-catheptic enzyme method is to be 
distinguished from that of the urease-arginase method of Weil and Russell 
(11). In the former the entire course of the enzymatic hydrolysis is fol- 
lowed dynamically, whereas in the latter method, at the termination of 
the arginase reaction, a single determination of the total amount of urea 
liberated during that period is made. 


* This work was supported by a grant from the Donner Foundation, Inc. This is 
Reprint No. 633 of the Cancer Commission of Harvard University. 

The substrate carbobenzoxy-L-glutamyl-L-tyrosine was obtained through the 
courtesy of Dr. G. W. Irving, Jr., and the late Dr. Max Bergmann. 
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Materials and Methods 


Preparation of Decarboxylase—The tyrosine decarboxylase was prepared 
from Streptococcus lactis R, obtained from the American Type Culture 
Collection. The culture medium of Bellamy and Gunsalus (12) was used. 
The decarboxylase was purified according to the procedure of Epps (8), 
through stage three, with citrate buffer. At this point, the coenzyme is stil] 
attached to the apoenzyme. 

For assay purposes, a 20 mg. per ee. concentration of dry powder was 
suspended in 0.4 M citrate buffer at pH 5.5, incubated 16 hours at 37°, and 
centrifuged 15 minutes at 2400 r.p.m. The supernatant was cither em- 
ployed immediately or was frozen in a dry-ice box and used a few days later. 
Addition of synthetic pyridoxal phosphate (13) nearly doubled the activity 
of the decarboxylase, but the activity was sufficient for present purposes 
without the addition of this codecarboxylase. 

Preparation of Cathepsin——A cathepsin preparation was made from swine 
kidneys by ammonium sulfate fractionation, according to the procedure of 
Fruton and Bergmann (14). The active fraction was dissolved in 1 per 
cent sodium chloride, dialyzed against 1 per cent sodium chloride for 48 
hours at 3°, and frozen in a dry-ice box. Enzyme stored under these con- 
ditions has maintained a high order of activity for over 3 years. 

Manometric Details—-i-Tyrosine decarboxylase activity was measured in 
Warburg manometers by a modification of the procedure of Epps (8). 
Unless otherwise stated, all reactions were carried out at 25°, in the presence 
of nitrogen, buffered by 0.20 Mm citrate buffer at pH 5.4 to 5.5. In some 
cases the nitrogen was purified by passage over hot copper. Substrate was 
usually tipped in from the side arm after equilibration. ‘The main com- 
partment contained the cathepsin, decarboxylase, and butier. The carbon 
dioxide evolved has been expressed as micromoles per cc. of test solution. 
All flask readings have been corrected for untipped controls. Since the 
hydrolysis of carbobenzoxy-L-glutamyl-L-tyrosine by a catheptic ‘“pepsi- 
nase’’ (15) does not require the presence of an activator such as cysteine 

16), none was added. 

In some cases, the course of the enzymatic hydrolysis was followed in 
parallel with the manometric method by determination of amino nitrogen, 
according to the method of Van Slyke (4), or by the titration procedure of 
Grassmann and Heyde (17). As previously recorded (16), the end-point 
in the latter titration procedure is difficult with tyrosine-containing sub- 
strates. 

Results 

The relation of the reaction rate to the concentration of cathepsin is 
shown in Fig. 1. There is a good proportionality between the cathepsin 
concentration and the measured activity. 
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The relation of the reaction rate to the concentration of decarboxylase is 
shown in Fig. 2. In the presence of a large excess of decarboxylase (upper 
two curves), the reaction rate is relatively independent of the decarboxylase 
concentration and strictly dependent on the cathepsin concentration. It 
is therefore desirable to employ decarboxylase concentrations in this range. 
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Fig. 1. Effect of varying the cathepsin concentration on the rate of hydrolysis of 
carbobenzoxy-L-glutamyl-L-tyrosine. Micromoles of CO, evolved between 15 and 
30 minutes elapsed time after tipping. The cathepsin concentration is expressed in 
mg. of nitrogen per ec. of test solution. The test solution contained the following: 
0.4 ec. of 0.055 m carbobenzoxy-L-glutamyl-L-tyrosine, 0.5 ec. of decarboxylase- 
citrate, and 0.2 ce. of cathepsin diluted with 0.9 per cent sodium chloride. 

Fig. 2. Effect of varying the decarboxylase concentration on the rate of hydrolysis 
of carbobenzoxy-L-glutamyl-L-tyrosine by cathepsin. The decarboxylase is ex- 
pressed as cc. in the test solution. The test solution contained the following: 0.3 
ee. of 0.055 m carbobenzoxy-L-glutamyl-L-tyrosine, 0.1 ec. of cathepsin, and 0.7 cc. 
of decarboxylase-citrate; dilutions made with buffer. The experiment was carried 
out in 95 per cent nitrogen-5 per cent carbon dioxide. 


The rate of reaction of the decarboxylase on L-tyrosine alone is proportional 
to the decarboxylase concentration, as is shown in Fig. 3. 

The relation of the reaction rate to the concentration of carbobenzoxy-L- 
glutamyl!-L-tyvrosine is illustrated in Fig. 4. When the initial substrate con- 
centration is above 0.017 M, the reaction rate is relatively independent of 
the substrate concentration during the first portidh of the hydrolysis. 
K, =3.0 X 107%, as calculated according to Lineweaver and Burk (18). 
At concentrations above 0.05 M, an inhibiting effect due to substrate ex- 
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cess begins to appear. The reaction kinetics are discussed in greater detail 
by Frantz and Stephenson (19). 
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Fic. 3. Effect of varying the decarboxylase concentration on the rate of splitting 
of L-tyrosine. The decarboxylase concentration is expressed as mg. of nitrogen per 
ec. of test solution. CO, evolved during a 75 minute reaction time. The test solu- 
tion contained the following: 0.2 cc. of 0.033 m L-tyrosine and 0.6 cc. of decarboxylase- 
citrate (1.02 mg. of nitrogen per cc.); dilutions made with buffer. 
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Fic. 4. Effect of varying the concentration of carbobenzoxy-L-glutamyl-.-tyro- 
sine, the concentrations of cathepsin and decarboxylase being kept constant. The 
figures on the curves indicate the molar concentration of carbobenzoxy-L-glutamyl-t- 
tyrosine in the test solution. The test solution contained the following: 0.7 cc. of 
decarboxylase-citrate, 0.1 ec. of cathepsin, 0.3 ec. of carbobenzoxy-L-glutamyl-t- 
tyrosine at five different concentrations. The experiment was carried out in 95 per 
cent nitrogen-5 per cent carbon dioxide. 


It was previously shown (7) that at pH 5.5 carbon dioxide retention in a 
tyrosine decarboxylase system was very slight, amounting to less than 5 per 
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cent. Our results are in agreement with this finding, both on a basis of the 
theoretical 100 per cent carbon dioxide evolution and as a result of tipping 
in acid. 

Comparison of the manometric method with Van Slyke amino nitrogen 
(4) determinations, run in parallel on the same type of test solution (but 
with the omission of decarboxylase), were made. The satisfactory agree- 
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Fic. 5. Comparison of the manometric method with Van Slyke’s amino nitrogen 
method (4) for determining the rate of hydrolysis of carbobenzoxy-.-glutamyl-t- 
tyrosine by cathepsin. The amino nitrogen values are converted to micromoles of 
nitrogen per ce. of test solution. The lines represent duplicate determinations by the 
manometric method; the four open circles represent amino nitrogen values. The test 
solution for the manometric determination contained the following: 0.6 cc. of de- 
carboxylase-citrate, 0.3 ec. of 0.055 m carbobenzoxy-L-glutamyl-L-tyrosine, and 0.2 
ce. of cathepsin. The test solution for the Van Slyke determination contained 4.2 
ee. of citrate buffer, 0.4 m, 2.1 ce. of carbobenzoxy-L-glutamyl-L-tyrosine, and 1.4 cc. 
of cathepsin (7 times the amounts used in the Warburg vessels, but without decar- 
boxylase). 


ment of the two methods is illustrated in Fige 5. Fig. 5 further indicates 
that removal of one of the split-products (tyrosine) has no noticeable effect 
on the rate of the hydrolytic reaction. In order to check particularly on 
this point, the colorimetric amino nitrogen method of Frame, Russell, and 
Wilhelmi (20, 21) was used as a further standard. Comparisons were made 
of the rate of production of tyrosine in this enzymatic reaction as determined 
manometrically and colorimetrically. Good agreement was obtained 
between the two methods, and there was no evidence of acceleration of the 
enzymatic reaction as a consequence of removal of one of the split-products. 
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The effect of adding the other split-product of peptide hydrolysis, carbo. 
benzoxyglutamie acid, has been studied by Frantz and Stephenson (19), 
Their results show that carbobenzoxyglutamic acid has an inhibitory effeet 
on the enzymatic splitting of carbobenzoxyglutamyltyrosine. Thus from 
the hydrolysis of this peptide, one split-product (carbobenzoxyglutamie 


TABLE | 
Reproducibility of Decarbozylase Method 


Manometric details are given in Fig. 5. The figures represent micromoles of ear- 
bon dioxide evolved. Theoretical 100 per cent hydrolysis is 15.03 micromoles. 








Time elapsed| Flask 1 | Flask 2 Flask 3 Flask 4 Flask § Flask 6 | Pre a 
min. - 
5 | 0.82 | 0.37 0.41 0.35 0.37 0.41 
0 | 1.14 | 1.22 | 1.26 1.18 1.14 1.18 | 0.047 
5 | 2.07 1.99 2.07 2.04 | 1.99 | 2.04 
20 3.01 2.97 3.01 2.88 2.85 2.93 
24 | 3.70 | 3.66 3.66 3.62 3.58 3.70 
35 | 5.57 | 5.61 5.49 5.53 5.49 5.61 
47 | 7.85 | 7.40 7.32 7.28 7.32 7.40 
58 8.45 | 8.57 8.38 8.42 8.45 8.54 
65 9.15 | 9.27 9.07 9.20 9.27 9.35 0.100 
73 | «9.84 | «9.97°| 9.76 | 9.83 | 9.92 | 9.80 
81 10.43 | 10.68 10.40 | 10.65 | 10.58 | 10.48 
90 11.25 | 11.45 | 11.20 | 11.35 | 11.35 11.25 
110 12.30 | 12.50 12.40 | 12.48 12.48 12.30 
126 13.00 13.25 13.10 | 13.18 | 13.20 13.20 
147 13.80 | 13.99 13.86 , 13.95 13.95 13.80 0.083 
170 | 14.28 | 14.41 14.35 14.35 14.48 14.25 
195 | 14.65 | 14.88 14.80 | 14.70 | 14.83 | 14.65 
205 | 14.70 15.00 14.83 | 14.90 | 14.90 14.78 
215 | 14.90 | 15.10 14.91 | 15.00 | 15.00 | 14.82 
260 15.18 15.43 15.23 15.31 | 15.31 15.15 
281 15.18 15.40 | 15.20 15.30 15.30 15.15 
290 15.20 15.43 15.23 15.31 | 15.40 | 15.20 0.102 


*S = V3(z*)/(N — 1) (Arkin and Colton (22)) 


acid) inhibits the peptidase reaction, whereas the other split-produet 
(L-tyrosine) does not. 

Zeller and Maritz (9) used snake venom amino acid oxidase to measure 
the rate of hydrolysis of peptides by brain peptidases in the vicinity of pI17. 
They reported an acceleration of peptidase activity as a consequence of the 
removal of amino acid from the reaction mixture by means of the amino 
acid oxidase. The amino acid oxidase method thus differs strikingly in 
this respect from the decarboxylase method. 
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As a test of the reproducibility of the method, six Warburg vessels con- 
taining cathepsin, carbobenzoxy-L-glutamyl-L-tyrosine, decarboxylase, and 
buffer were run in replicate. The results are recorded in Table I. 

Aceording to Umbreit et al. (23), the over-all accuracy of the Warburg 
apparatus, as used under conditions similar to the present ones, is within 
5percent. It may be concluded that the reproducibility of the decarboxy- 
lase method is within the limit of accuracy of the apparatus. 

As is evident from Table I, the hydrolysis of quantities of substrate of 
the order of | micromole may be followed with satisfactory accuracy. 
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Fic. 6. Effect of varying the concentration of liver extract on the rate of hydrolysis 
of carbobenzoxy-L-glutamyl-L-tyrosine. Micromoles of CO, evolved between 6 and 
20 minutes elapsed time after tipping. The test solution contained the following: 
0.3 ec. of 0.055 m carbobenzoxy-L-glutamyl-L-tyrosine, 0.6 ec. of decarboxylase- 
citrate, and 0.4 cc. of enzyme diluted with 0.9 per cent sodium chloride. The enzyme 
solution was prepared by grinding up 450 mg. of lyophilized liver with 5 cc. of 0.9 
per cent sodium chloride, centrifuging, and filtering through Pyrex glass wool. In 
the controls, water instead of substrate was tipped into the reaction mixture from the 
side arm. 





As a test of the method in dealing with a catheptic enzyme as extracted 
from crude tissue powder, the type of experiment recorded in Fig. 6 was 
performed. A fairly linear relationship between concentration of tissue 
extract and enzymatic activity is present during the early phase of the 
reaction. The limit of sensitivity of the method under present working 
conditions is in the region of 0.1 micromole (cf. Fig. 6). The substrate 
carbobenzoxyglycyl-L-tyrosine is hydrolyzed by swine kidney carboxy- 
peptidase (15), and the course of this reaction has been followed mano- 
metrically. Cysteine, which is an activator for this enzyme, has been 
found, however, to have an inconstant mild inhibitory effect on the tyrosine 
decarboxylase system. 0.01 m glutathione also activates this catheptic 
carboxypeptidase, but does not appreciably inhibit the tyrosine decarboxy- 
lase system. 
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DISCUSSION 

The good agreement of results in which decarboxylase is omitted with 
those in which decarboxylase is present (cf. Fig. 5) is evidence that the de. 
carboxylase does not contain substances which activate or inhibit the 
cathepsin appreciably. Likewise, a concentrate of the supernatant portion 
of a boiled decarboxylase preparation had no effect on the catheptie 
reaction. 

When the activity of crude cathepsin preparations, as contained in aque- 
ous extracts of tissue powders, is followed by titration procedures, the 
autolysis blank is found to comprise a disturbingly large fraction of the 
total titration. The autolysis blank in such a case measures the splitting 
of numerous types of peptide bonds by a number of enzymes. This diff- 
culty is minimized by the use of the present method, by which the rate of 
scission of very few types of peptide bonds is measured. 

Specific decarboxylases have been found for the natural forms of the 
amino acids lysine, ornithine, arginine, histidine, and glutamic acid (24), 
It is therefore theoretically possible to follow the hydrolysis of peptide sub- 
strates containing these amino acids by an adaptation of the present 
method. In agreement with Gale (24), we have been unable to find deear- 
boxylases for glycine or for leucine, using cultures of soil bacteria and of 
Proteus vulgaris. 

It should be mentioned that, although some experiments have been 
carried out over a period of hours, the possibility of an artifact due to bae- 
terial multiplication makes it advisable to rely on short reaction periods or 
to add a bacteriostatic agent. 

While the decarboxylase is used in the present experiments simply asa 
convenient indicator of the activity of a second proteolytic enzyme, it is 
worth recalling that both of these enzymes are present in the kidney (25-27). 
It is thus possible that the present “in vitro”’ coupled reaction sequence may 
serve as a model for a process which occurs naturally within the cell under 
certain circumstances, resulting in liberation of the pressor amine, tyramine. 

From the finding of Zeller and Maritz (9) on the acceleration of peptidase 
activity by removal of split-products, and the one above on carbobenzoxy- 
glutamic acid, the interesting question arises of whether the rate of peptide 
hydrolysis in the cell may be influenced by the fate of certain amino acid 
split-products. By remaining in the equilibrium mixture they may slow 
down the degradative reaction. Their removal by participation in further 
reactions such as decarboxylation, deamination, or transamination may 
facilitate continuation of peptide hydrolysis. 


SUMMARY 
A manometric method has been described for following the kinetics of the 
hydrolysis of carbobenzoxy-t-glutamyl-L-tyrosine by a preparation con- 
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taining catheptic enzymes. The method depends on the ability of a bac- 


vith terial decarboxylase to split off carbon dioxide from L-tyrosine, but not from 

de- earbobenzoxy-L-glutamy]-L-tyrosine. 

the 

lon The authors are indebted to Professor Joseph C. Aub for encouragement 

tie and interest and to Dr. Ivan D. Frantz, Jr., for performing the Van Slyke 
amino nitrogen determinations. Dr. Joseph 8. Fruton and Dr. Irwin W. 

ue- Sizer offered helpful criticisms. 
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A STUDY OF THE REACTION KINETICS OF A CATHEPTIC 
ENZYME WITH A DECARBOXYLASE AS INDICATOR* 
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(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital 
of Harvard University, at the Massachusetts General Hospital, Boston) 


(Received for publication, March 29, 1947) 


Cathepsin activities have frequently been reported in terms of first order 
reaction constants (1, 2). The assumption has been made that such a 
procedure is justifiable at the low substrate concentrations usually employed 
(3). Using a manometric method (4) well adapted to the study of enzyme 
kinetics, we have found that hydrolysis by swine kidney pepsinase follows 
a biphasic curve, at substrate concentrations even lower than those usually 
employed by other workers. The purposes of this paper are to present the 
evidence for these statements and to analyze further the reactions involved. 


EXPERIMENTAL 


Preparation of the enzymes and the experimental methods were as pre- 
viously described (4). 

Fig. | represents an experiment in which the rates of splitting of two 
concentrations of carbobenzoxy-L-glutamyl-L-tyrosine were measured by 
addition of decarboxylase. Fig. 1 illustrates several characteristics of 
the system. (a) An initial delay occurs at the beginning of the reaction, 
before the maximum velocity is attained (cf. also Fig. 3). This delay ap- 
pears to be due in part to the time required for the tyrosine concentration 
torise to the constant value maintained during the steady state. The delay 
is minimized by use of a large excess of decarboxylase. (b) In this range of 
concentrations, the rate is independent of the substrate concentration, and 
the reaction may be said to follow zero order kinetics. (c) As the reaction 
proceeds, the rate falls. This fall cannot be due directly to substrate de- 
pletion. In Curve A of Fig. 1, the substrate concentration after 220 
minutes remains greater than the initial concentration for Curve B, and 
vet the initial rates are almost identical. 

In an attempt to explain the fall in rate, flasks were incubated for varying 


* This work was done under an American Cancer Society Fellowship recommended 
by the Committee on Growth of the National Research Council. This is Reprint 
No. 634 of the Cancer Commission of Harvard University. 
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lengths of time, prior to tipping. Fig. 2 shows that no appreciable inactiva- 
tion of the cathepsin occurred. 

Evidence was found, however, that accumulation of one of the split- 
products causes a decrease in the rate. Fig. 3 illustrates the inhibiting 
effect of the addition of carbobenzoxy-.-glutamic acid initially. Addition 
of the other end-product, tyramine, did not alter the rate. Agreement 
between the decarboxylase and amino nitrogen methods (4) suggests that 
accumulation of tyrosine has little effect. This observation also provides 
evidence against the unlikely possibility that the slowing of the reaction is 
due to a mass law effect, with reversal of the hydrolysis. 
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Fia. 1. Course of the reaction at high concentrations of substrate. Swine kidney 
cathepsin, 0.1 ec. (Curve A), 0.1 cc. (Curve B); decarboxylase, 0.6 ec. (Curve A), 
0.6 cc. (Curve B); carbobenzoxy-L-glutamyl-L-tyrosine, final concentration in 
test solution, micromoles per cc., 58 (Curve A), 29 (Curve B). Total volume in each 
vessel 1.3 cc.; pH 5.65; temperature 25.0°. 

Fig. 2. Effect on catheptic activity of incubation at 25°. Composition of solution 
in each vessel: decarboxylase 0.7 cc.; carbobenzoxy-L-glutamyl-L-tyrosine, 0.055 m, 
0.3 ee.; swine kidney cathepsin 0.1 ce. The vessels from which the five sets of points 
were obtained were incubated for varying lengths of time, as follows: O experiment 
begun immediately, A incubated for 30 minutes before the substrate was tipped into 
the enzyme solution, 0 incubated for 60 minutes, X incubated for 150 minutes, @ 


incubated for 260 minutes. 


Fig. 4 shows the course of the reaction for four different concentrations 
of substrate. In Fig. 5 the equilibrium constants for formation of the 
enzyme-substrate and enzyme-inhibitor complexes have been evaluated 
by the graphical method of Lineweaver and Burk (5). The constancy of 
the ordinate intercept suggests that the inhibition is actually competitive. 


Interpretation 


The following scheme seems to describe fairly well the reactions which 


occur in this system. 
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Substrate + cathepsin — cathepsin-substrate complex BR 
carbobenzoxy-L-glutamic acid + L-tyrosine + cathepsin 
L-Tyrosine —— ee, tyramine + CO, 
ks 
Carbobenzoxy-t-glutamic acid + cathepsin 7” 
ke 


carbobenzoxy-L-glutamic acid-cathepsin complex 


In the discussion of these reactions, the following symbols will be used. 


S = concentration of carbobenzoxy-L-glutamyl-L-tyrosine in micromoles per cc. 
at time ¢ 

So = initial concentration of carbobenzoxy-L-glutamyl]-L-tyrosine 

{ = time in minutes 

W = amount of carbon dioxide evolved per cc. of test solution, in micromoles, up 
to time ¢ 

I = concentration of carbobenzoxy-L-glutamic acid in micromoles per cc. at 


time ¢ 
Z = tyrosine concentration in micromoles per cc. at time ¢ 
E = cathepsin concentration in arbitrary units at time ¢ 
= initial cathepsin concentration 


— 
v = velocity of hydrolysis in micromoles per minute per cc. of test solution 
V = k,Eo, the velocity of hydrolysis when the enzyme is saturated 
, keeth k 
K, = *", Ki == 
ky ks 


In the development of this method for practical use, relatively large 
concentrations of decarboxylase have been used to make the cathepsin ac- 
tivity the dominant factor determining the over-all velocity. The tyrosine 
concentration is always extremely low. Under these conditions, it seems 
justifiable to assume that the decarboxylation follows first order kinetics. 
The differential equation for the final reaction may then be expressed as 
follows: 

= hz 4) 

If we neglect the small amount of substrate tied up in intermediate com- 
plexes, the initial substrate concentration should equal the sum of the 
substrate concentration at time ¢, the tyrosine concentration, and the 
amount of carbon dioxide evolved. 


S.=S+Z+W (2) 
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Fic. 3. Effect of the addition of carbobenzoxy-L-glutamic acid on the activity 
of cathepsin. The compositions of the solutions in the Warburg vessels were as fol 
lows: swine kidney cathepsin 0.1 ec.; carbobenzoxy-L-glutamyl-L-tyrosine, 0.125 
m, 0.3 ec.; decarboxylase 0.4 cc.; carbobenzoxy-L-glutamic acid, 0.125 M, 0 ce. (Curve 
A), 0.15 ee. (Curve B), 0.3 ee. (Curve C). All volumes were made up to 1.1 ce.; pH 
5.6; temperature 25.0 °. 

Fic. 4. Effect of varying substrate concentrations. Substrate concentrations, 
micromoles per ec., 30.3 (Curve A), 10.8 (Curve B), 6.5 (Curve C), 4.7 (Curve D). 
Other constituents in each flask: swine kidney cathepsin 0.1 ce.; decarboxylase 0.6 
ec. Total volume in each flask 1.3 cc.; pH 5.4; temperature 25.0°. Theoretical 
points for each concentration are represented by 0, and were calculated by means of 


equation (12). The values for V, K,, and K,; were calculated as described under 


Fig. 5. 
Solving for Z and substituting in equation (1), we obtain 


dw ‘ 
a ky So - kyi - ky u (3) 
at 
A more convenient form for integration may be obtained by multiplying 
equation (3) by dt, adding kyWdt to both sides, and multiplying by the 
factor e“ to convert the left hand member to an exact differential. 


| (e&# dW + kWe*# dt) = | ki Soe*# dt — | ky Se*# dt (4) 


/ ky Sek dt 
(5) 


okt 


Ww = So = 
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Equation (5) furnishes a means of calculating the amount of = 
dioxide evolved, provided we can find S, the substrate concentration, 
terms of ¢ and then evaluate the integral. Under certain conditions, oc 
operations are possible. First, let us consider the simplest case, when the 
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Fig. 5. Evaluation of V, K,, and K,. r is expressed in micromoles per cc. per 
minute and S in micromoles per ee. Concentration of carbobenzoxy-.-glutamy]l-.- 
tyrosine, micromoles per ce., 30.3, 10.8, 6.5, 4.7. Concentration of carbobenzoxy-L- 
glutamic acid, micromoles per ce., 30.3, 30.3, 30.3, 30.3 (Curve A); 7.58, 7.58, 7.58, 7.58 
(Curve B); 0 for each (Curve C). Other conditions were the same as for Fig. 4. 
1/V is represented by the ordinate intercept. The value 6.5 was used in the calcula- 
tions, giving 0.154 micromoles per ec. per minute for V; K,/V is represented by the 
slope of Curve C; A, was calculated to equal 12.6 micromoles per ec., or 0.0126 mole 
per liter. Sufficient data have not been collected to permit calculation of a statisti- 
eally significant Michaelis constant. The one arrived at in this experiment happens 
to be the highest that has been obtained. Experiments with different cathepsin 
preparations have led to values as low as 0.0041 mole per liter. A,; was calculated 
from the following relation, A, + A,J/AK; = V times the slope of the line. Curve A 
gives a value of 0.0094 and Curve B 0.0110 mole per liter. For the theoretical points 
on Fig. 4, the value 0.01 was used 


substrate concentration is so large that the rate of hydrolysis is independent 
of it and is determined entirely by the cathepsin concentration. Referring 
to the system of velocity constants originally defined, we may write 

dS 


—~— = ky Ey (6) 
dt 
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Integrating and evaluating the constant of integration, we obtain 
Ss = So nd k;Eot (7) 
Substituting this value for S in equation (5), integrating, and evaluating 
the constant of integration, we find 
ky Bo ( 


4 


W = ky Eot — 1— e*#) (8) 

Next, let us consider the situation in which the initial substrate concen- 
tration is so low that the hydrolysis is first order. Under these conditions, 
the substrate concentration will fall along «a ‘die away” curve. 


S = Soe Rie (Q) 


Substituting this value in equation (5), integrating, evaluating the con- 
stant of integration, and simplifying, we obtain 


l ;, 
W= s| - i I (ky e7* - news| (10) 
Matas 1 


Equation (10) is identical with that given by Daniels (6) for consecutive 
monomolecular reactions. 

To describe the conditions actually existing at various concentrations 
of cathepsin and substrate, we must include both zero and first order terms. 
Inhibition by one of the split-products must also be considered. As direet 
an approach as any to this problem begins with an equation given by Line- 
weaver and Burk (5) for velocity in the presence of a competitive inhibitor. 


1 1 KJ]1. 1 
=m a —~$- ( 
; | mee, 5 V - 


A detailed derivation of equation (11) is presented by Wilson (7). 

In the hydrolysis of carbobenzoxy-L-glutamyl-L-tyrosine, the concentra- 
tion of inhibitor, 7, is not constant, but is equal to the amount of substrate 
decomposed, So — S. If we substitute this value for / in equation (11), 
substitute —dNS/dt for v, integrate, and evaluate the constant of integration, 

t= SE ee in . + “oe (, — &) (12) 


Michaelis and Menten (8), studying the splitting of sucrose by invertase, 
found that both split-products were inhibitory. They derived an equa- 
tion which reduces to equation (12) if inhibition by one split-product is 
neglected. 

Equation (12) provides a relation between the time and the amount of 
substrate hydrolyzed, throughout the biphasic reaction. In the presence 
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of a large excess of decarboxylase, the amount of carbon dioxide produced 
may be considered to be equivalent to the amount of substrate decomposed, 
and the theoretical course of the reaction may be plotted. Fig. 4 shows a 
comparison of the observed and calculated curves over a limited range of 
substrate concentrations. 

DISCUSSION 

It is interesting to notice that equation (12) becomes formally identical 
with an integrated equation derived by Van Slyke and Cullen (9), if 1/K, 
= 0, implying no inhibition. In the derivation by Van Slyke and Cullen, 
however, A, equals k3/k,, ke is neglected, and K, varies with k;. In the case 
of urease, this situation seems to hold. Chance (10), studying peroxidase, 
was able to measure the three constants directly, and also found kz to be 
very small in comparison with k;. Michaelis and Menten (8), on the other 
hand, assumed that k; was negligible in comparison with k, and ke. Line- 
weaver, Burk, and Deming (11), studying nitrogenase in Azotobacter, de- 
duced evidence in support of the original assumption by Michaelis and 
Menten. Briggs and Haldane (12) pointed out the fact that K, actually 
represents (kt: + k3)/ka. 

Chance (10) obtained particular solutions of the differential equations 
of the Michaelis theory by means of the differential analyzer. His theoreti- 
eal curves differ slightly from those plotted from the equations discussed 
above in that they include a very brief increased rate at the beginning, 
while the enzyme-substrate complex is building up to its maximum value. 
The methods of obtaining general solutions of the differential equations 
employed above, and by Michaelis and Menten, Van Slyke and Cullen, 
and Briggs and Haldane, succeed only because the assumption is made 
that the rate of change in concentration of the enzyme-supstrate complex 
is negligible in comparison with the rate of disappearance of substrate. 
Obviously this assumption is not valid at the beginning of the reaction. 

The behavior of the terms involving K; in equation (12) is interesting 
at low values of So — S. As So — S approaches 0, each of these terms also 
approaches 0. By expansion of the logarithmic term in Maclaurin’s 
series, however, it may be shown that the sum of these terms constitutes a 
second order infinitesimal with respect to So — S. This relationship is 
another way of stating that early in the reaction inhibitory effects due to 
the split-products are negligible. 


SUMMARY 


|. The kinetics of the splitting of carbobenzoxy-.-glutamyl-L-tyrosine 
by swine kidney pepsinase have been studied, with the aid of a tyrosine 
decarboxylase. 
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2. The hydrolysis has been shown to follow a biphasic curve, with zero 
order kinetics early in its course. 

3. One of the split-products, carbobenzoxy-t-glutamic acid, has been 
shown to inhibit the catheptic activity. 

4. Over a limited range of substrate concentrations, the experimental 
curves have been shown to agree fairly well with theoretical curves based 
on the theory of formation of an enzyme-substrate complex. 


The authors are indebted to Professor Joseph C. Aub and to Dr. Paul C. 
Zamecnik for their interest and encouragement. 

The carbobenzoxy-t-glutamic acid used in these experiments was syn- 
thesized by Dr. Max Brenner and was kindly furnished by Dr. Paul C. 
Zamecnik. 
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A COLORIMETRIC METHOD FOR THE DETERMINATION OF 
DESOXYRIBONUCLEIC ACID 


By P. K. STUMPF* 


(From the Department of Epidemiology and the Virus Laboratory, School of 
Public Health, University of Michigan, Ann Arbor) 


(Received for publication, April 28, 1947) 


Though several useful reagents have been developed to determine the 
presence and concentration of desoxyribonucleic acid (DNA) (1-3), all 
have been found to react with yeast nucleic acid and other natural products. 
Dische in 1944 (4) reported that, in the presence of cysteine and sulfuric 
acid, DNA gives a stable pink color which is proportional to the concen- 
tration of the nucleic acid. The present communicatior deals with the quan- 
titative application of Dische’s reaction to the specific estimation of DNA. 


EXPERIMENTAL 


Principle--The method depends on the production of a pink color by the 
reaction of cysteine and sulfuric acid with DNA. Since pentoses do not 
yield a color reaction with cysteine and sulfuric acid, yeast nucleic acid is 
unreactive. ‘Therefore, despite the presence of ribonucleic acid (RNA), 
a direct estimation of desoxyribonucleic acid can be made. 

Reagents 

|. 5 per cent cysteine hydrochloride (Kastman Kodak Company) sol- 
ution in water. 

2. 70 per cent sulfuric acid. 

3. DNA standard. 0.05 per cent solution of sodium desoxyribose 
nucleate! in water solution kept at 4°. The N:P ratio of the sodium salt 
was 1:1.66 (theoretical, 1:1.69). 

1. RNA standard. 0.05 per cent of sodium ribose nucleate* in water 
solution kept at 4°. The N:P ratio of the sodium salt was 1:1.69 (the- 
oretical, 1: 1.69). , 

Procedure 
To a test-tube are added 0.05 ec. of 5 per cent cysteine hydrochloride, an 


aliquot of the unknown solution, the volume of which should not be more 
than 0.5 ce., and 5 ec. of 70 per cent sulfuric acid. The mixture is then 


*This work has been supported by a grant from The National Foundation for 


Infantile Paralysis, Inc. 
! We are indebted to Dr. Martin Hanig of this Department for a generous sample 


of sodium thymonucleate. 
* Obtained from the Schwarz Laboratories, Inc., New York. 
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stirred rapidly with a glass rod, and, after standing 10 minutes at room 
temperature, optical densities are measured at the 480 my wave band with 
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Fic. 2. Absorption curve of the chromogen formed by the interaction of DNA 
with cysteine and 70 per cent sulfuric acid. 





the Beckman quartz spectrophotometer. A reagent blank is used to set the 


instrument scale to 0. 
The concentration of DNA can then be determined by interpolation from 
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a standard curve prepared by plotting the readings against the known 
concentrations of DNA as is shown in Fig. 1. However, a standard of 
about 250 y of DNA may also be prepared and, from the readings of the 
standard and the unknowns, the concentration of the latter may be cal- 
culated. 

As is indicated in Fig. 1, the curve follows Beer’s law from a concentration 
of 25 to 550 y. Below 25 y the curve flattens out and above 550 7 the 
color becomes too intense for accurate readings. Fig. 2 shows that max- 
imum absorption occurs at 490 my, and that above and below this sharp 
peak there is a rapid drop in light absorption. Although the Klett-Sum- 
merson colorimeter can be employed with the 540 mu filter, the sensitivity 
of the method falls considerably. 


Factors Involved for Production of Color Intensity 


Cystetne—It has been observed that varying the concentration of cys- 
teine changes the color intensity produced by a given concentration of 
DNA. Optimum concentration of cysteine for maximum color develop- 
ment has been found to be 0.05 ce. of 5 per cent cysteine hydrochloride. 
As is indicated in Table I, there is a sharp fall if this concentration is not 
employed. 

Concentration of Sulfurte Acid— As is shown in Table II, the color in- 
tensity is sensitive to a change in the concentration of sulfuric acid. No 
color is formed if the acidity is too low, while concentrated sulfuric acid 
yields a yellow color with DNA. Maximum color intensity is developed 
when 5 ee. of 70 per cent sulfuric acid are used. The final or critical con- 
centration of acid is, therefore, 65 per cenit. Concentrated hydrochloric 
acid produces no color with the cysteine-DNA system. 

Temperaturc—-The determination is carried out at room temperature, 
which averages between 23-25°. There is little, if any, increase in color if 
the reaction mixture is incubated for 5 minutes at either 37°, 45°, or 65°. 

Stability in Color—-The color is unusually stable and does not fade or 
change. There is, however, a slight increase in color intensity with time. 
Therefore, it is important to carry out all readings after a standard time 
interval in order to obtain reproducible results. 

Specificity of Mcthod — The method is of considerable value with mixtures 
of RNA and DNA, since a direct analysis of DNA without interference from 
RNA can be made. By employing this method together with Bial’s 
reaction (5) for RNA, accurate determinations of both acids can easily be 
carried out. For example, in an analysis of a known mixture of 150 y of 
DNA and 100 y of RNA, 143 y of DNA were found directly by this method 
and 103 y of RNA by Bial’s reaction (after the color intensity contrib- 
uted by DNA was subtracted from the total green color (at 660 my)). 
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Not only is the reagent specific for DNA, but it fails to react with 1 mg. 
of the following compounds: phosphoglyceric acid, glycerophosphate, 
glucose-1-phosphate, glucose-6-phosphate, glucose, arabinose, alanine, 
xanthine, nicotinic acid, coenzyme 1, adenosine triphosphate, and creatine, 
Fructose and its derivative, fructose-1 ,6-diphosphate, gave a slight yellow 
color. However, in any nucleic acid estimation of tissues, the nucleic acid 
extraction procedure developed by Schneider (6) should be employed to 
remove interfering substances, such as fructose derivatives. 


TABLE I 


Effect of Concentration of Cysteine on Color Intensity 


eee le Optical density, log * Maximum color intensity 
ce. per cent 
0.00 0.000 0 
0.01 0.183 59 
0.025 0.290 93.5 
0.05 0.310 
0.1 0.250 80.7 


* 250 7 of sodium DNA, 5 ce. of 70 per cent sulfuric acid, and the indicated amounts 


of 5 per cent cysteine hydrochloride 


Tase Il 
Effect of Different Concentrations of Sulfurte Acid on Color Intensity 


Concentration of added , , Ie : , : Maximum color 
° ° - ‘ y a { i) “ oO ° : 
sulfuric acid® Optical density, log ] olor of solution intensity 


per cent per cent 
5O 0.00 0 
60 0.129 Pink 37.5 
70 0.345 “6 
80 0.332 = 96 
90 0.260 Yellow 75 
100 0.177 - 52 


* 0.05 cc. of 5 per cent cysteine hydrochloride, 250 y of sodium DNA, and varying 
concentrations of sulfuric acid to make a total volume of 5.55 ec. 


The author is deeply indebted to Dr. Z. Dische for calling his attention to 
the fundamental observation of the cysteine-sulfuric acid-DNA reaction. 


SUMMARY 

A specific colorimetric method for the determination of desoxyribonucleic 
acid has been described. Since ribonucleic acid yields no color with the 
reagent, desoxyribonucleic acid may be estimated, without interference, in 


the presence of ribonucleic acid. 
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A COMPARATIVE STUDY OF THE METABOLISM OF 
a-ALANINE, 6-ALANINE, SERINE, AND ISOSERINE 


II. GLYCOGEN CONTENT OF THE LIVER AFTER ORAL 
ADMINISTRATION OF THE AMINO ACIDS 


By FRANCES A. SCHOFIELD* anp HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, University of 
Michigan, Ann Arbor) 


(Received for publication, May 1, 1947) 


That the administration of protein leads to an increased content of glyco- 
gen in the liver, a subject of some controversy in the early part of the pres- 
ent century (1), is now generally accepted. It is also recognized that 
glyconeogenesis from protein is related to the glyconeogenetic properties 
of the individual amino acids, components of the protein molecule. The 
behavior of a considerable number of the natural amino acids as sources 
of glycogen has been studied. Some of the results have been difficult to 
interpret as uniform experimental conditions (e.g., age, sex, and weight 
of the experimental animals, previous diet, period of fasting prior to the 
administration of the amino acid, period elapsing after administration, 
ete.) have not been maintained. 

Of the amino acids thus studied, the most consistent results have been 
obtained with alanine! in both rats (2-5) and mice (6). The present study 
is concerned with the content of liver glycogen of young white rats fed 
p-, L-, and pDL-alanine, 8-alanine, pL-serine, and pi-isoserine. A study of 
the results obtained with the three isomers of a-alanine should afford evi- 
dence as to the effect of stereoisomeric variation on glycogen formation; 
comparison of the studies with a- and §-alanine and with serine and iso- 
serine should show any effect of the shifting of the amino group from the 
a to the 8 position; and a comparison of a-alanine and serine and of B- 
alanine and isoserine should reveal the influence of the introduction of a 
second reactive group (the hydroxyl group) into the molecule of the mono- 
amino derivatives of propionic acid. This is one of the few studies in 


* Present address, Randolph-Macon Woman’s College, Lynchburg, Virginia. A 
part of the experimental work was carried out in the chemical laboratory of the Ran- 
dolph-Macon Woman’s College. Financial support was available through a grant to 
one of us (S.) from the American Association for the Advancement of Science, ad- 
ministered by the Virginia Academy of Science. 

1 In earlier work cited (2, 4), the older amino acid nomenclature is used; d-alanine 
of previous papers is the naturally occurring isomer designated in the present paper 
as L-alanine. 


373 











374 GLYCOGEN FROM AMINO ACIDS 


which the glyconeogenetic properties of the various amino derivatives of 
propionic acid have been investigated under uniform experimental condi- 
tions in the same laboratory and by the same workers. 


EXPERIMENTAL 


The general conduct of the experiments has already been described by 
us (7) and was essentially the procedure of Cori, as modified in this labora- 
tory (2). The source and purity of the amino acids used have been dis- 
cussed in our earlier paper (7). Young male white rats of the same stock, 
whose weight after a 24 hour fast was from 115 to 135 gm., were used. In 
all cases, determinations of the rate of absorption of the amino acids (7) 
and the glycogen content of the liver were made with each animal. The 
period allowed for absorption and glycogen formation was 3 hours. Since 
alanine is known to be a readily available source of glucose, it was be- 
lieved that the use of this relatively short period would insure more uni- 
form results. Whether longer periods for absorption and glycogen forma- 
tion would give results similar to those reported in this paper remains to be 
determined. In our opinion, the use of more prolonged periods of time 
(12 hours or more after the administration of the amino acids (5)) introduces 
complicating factors which we have preferred to avoid for the present. 

Immediately after the animals were killed by a blow on the back of the 
head, the livers were removed, weighed, sliced, and plunged into hot 50 
per cent potassium hydroxide solution. Glycogen was determined essen- 
tially by the method of Good, Kramer, and Somogyi (8); the glucose 
obtained by the hydrolysis of the glvcogen was estimated by the procedure 
of Shaffer and Somogyi (9). 

The fasting level of the glycogen of the liver was determined for a series 
of twenty rats of the same stock and receiving the same preliminary treat- 
ment as the animals fed the amino acids. The average value of 0.209 per 
cent was in excellent agreement with the fasting control values previously 
obtained (2). This series served as a control series for comparison with 
the results of our experimental series. 

The data are presented in condensed form in Table I. The statistical 
analyses were made through the cooperation of Professor Cecil C. Craig, 
Director of the Statistical Research Laboratory of the University of Michi- 
gan, to whom we wish to express our appreciation. 

The oral administration of all the monoamino derivatives of propionic 
acid studied, with the exception of 8-alanine, was followed by a significant 
increase in the glycogen content of the liver within a period of 3 hours. 
The most marked in- 


The magnitude of this increase varied, however. 
creases were observed after the administration of pt-alanine. The increase 
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after administration of the “unnatural” isomer,’ p-alanine, was somewhat 
less, but statistical analyses (Column B, Table I) indicate that the difference 
between the results with pL- and p-alanine is of doubtful significance. No 
significant difference between the glycogen of the liver of the control group 
and of the group receiving 8-alanine was observed (Column A, Table 1). 


TABLE | 


Statistical Comparison of Glycogen Content of Liver after Absorption 
of Amino Acids during 3 Hour Periods 


In Column A, the content of hepatic glycogen after the administration of 
the amino acid under consideration is compared statistically with that of the control 
(fasted) group; in Column B, with that of the pi-alanine group; in Column C, with 
that of the p-alanine group; and in Column D, with that of the pi-serine group. 


Liver glycogen tt for difference of means 
Amino acid Mazi-| Mi lhe : ; 
rats Maxi-| Mini- | Mean . tA) ri } 
mum | mum | (2) Se (A B) (C) (D) 


per per per 
cent cent cent 


20, Controls 0359/0. 127/0.209/0 .00381 
14} pu-Alanine 1.90 0.92 1.42 0.0734 17.1 
18 p-Alanine 1.84 0.41 1.10 0.118 (10.64 2.9 


No. | 
of 


(0.001 
<P<0.01) 
17, t-Alanine 0.89 0.28 0.54 0.0241 |7.84 10.0 6.10 
13) 8-Alanine 0.365'0.056:0.17 0.0126 1.26 
(0.2 
<P<0.3) 
12) pL-Serine 1.48 0.18 0.83 0.164 6.05 4.5 
12, pu-Isoserine 0.54 0.19 0.41 0.0139 6.21 13.7 3.48 
(0.001 
<P<0.01) 


—T , ; 2(X — X)? 
* Unbiased estimate of the population variance | S* = V-1 


t The values of ¢ not in bold-faced type are ¢ values as calculated by ‘“‘Student’’- 
Fisher. For explanation of the values of t in bold-faced type, foot-notes to Table I 
of our previous paper (7) should be consulted. 


The deposition of hepatic glycogen was greater after the feeding of p- 
alanine than after L-alanine, the natural isomer. The difference was shown 


* It is realized that the term ‘‘unnatural’’ isomer may not be entirely justified in 
view of the presence in certain bacterial (and perhaps other) proteins of considerable 
amounts of p-amino acids. We have used the term as synonymous with p-amino 
acid, since the greater part of the amino acids of the molecule of the usual type of 
proteins is composed undoubtedly of amino acids of the L configuration. 
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to be statistically significant (Column C, Table 1). This result was un- 
expected and is difficult of explanation. The only comparable series of 
studies with isomeric alanines with which we are familiar are those of Mac- 
Kay and his coworkers with white mice (6). D-Alanine was much inferior 
to L-alanine as a source of glycogen. Moreover, it was noted that racemic 
alanine and an equimolar mixture of the p and L isomers of alanine were as 
effective in the augmentation of liver glycogen as was the natural isomer, 
t-alanine. In our experiments, DL- and D-alanine were almost equally 
effective, while the glycogen formation after the administration of L-alanine 
was much less. In our previous experiments (2), the glycogen content of 
the liver after a 3 hour absorption period was essentially the same with 
pL- and L-alanine.' Both the present results and those of our earlier ex- 
periments are contrary to those of Butts and his associates (4), who ob- 
served that the liver glycogen after L-alanine was almost double the value 
observed after pi-alanine. It should be noted that these workers used 
larger rats, fasted for 48 hours, and that the periods of absorption were 8 
rather than 3 hours. 

p-Alanine is almost completely converted to glucose in the phlorhizinized 
dog (10). It is known that tissue slices of the kidney and liver of rats 
(11-13) deaminize p-alanine more rapidly than L-alanine. Similar evi- 
dence in the intact animal is not available. In the frequently cited experi- 
ments of Abderhalden and Tetzner (14), pi-alanine was injected sub- 
cutaneously into rats, and in a single experiment a derivative of p-alanine 
was isolated from the urine in amounts equivalent to about 16 per cent of 
the pi-alanine injected or 32 per cent of the D isomer. MacKay, Wick, 
and Barnum ((6) p. 186) in a foot-note conclude that in vivo p-alanine is 
utilized more slowly in the rat than the L isomer. They also state that 
after “large” doses of L- and p-alanine were fed to rats, 5 and 27 per cent 
respectively of the alanine fed were recovered in the urine if all the extra 
amino nitrogen was assumed to be alanine nitrogen. No determinations 
of optical activity or isolations were attempted, however. , 

If p-alanine is deaminized more rapidly than L-alanine, it is possible that 
the unnatural amino acid is not as readily available for metabolic fune- 
tions and that pyruvic acid, formed in oxidative deamination, may be 
rapidly converted to glycogen. More detailed studies of the fate of p- 
alanine by the use of improved analytical procedures are necessary to 
clarify this. 

The failure of 8-alanine to serve as a glycogen precursor was not unex- 
pected in view of the observation that the ingestion of 8-alanine by the 
phlorhizinized dog did not result in extra urinary glucose (15). 8-Alanine 
is not readily deaminized by liver or kidney slices of rats (12). 
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In confirmation of the observations of Butts and coworkers (16), DL- 
serine Was a good source of liver glycogen, although inferior to DL-alanine 
(Column B, Table I). The difference between the availability of pL- 
alanine and pL-serine as precursors of glycogen was not as marked as the 
difference between their rates of oxidation in experiments with tissue slices 
(12). With both liver and kidney slices of rats, the rate of oxidative de- 
amination Was distinctly lowered by the presence of a hydroxyl group in 
the 8 position (12). 

It was not anticipated that DL-isoserine would be an important source 
of glycogen, in view of the observations that it is slowly absorbed from the 
intestine (7) and that no oxidative deamination by either kidney or liver 
slices occurred (12). Despite this physiological inactivity in in vitro ex- 
periments and the poor absorption from the gut, some increase in the liver 
glycogen was observed, although the values were less than those of any of 
the other experimental series, except those of animals fed B-alanine. That 
isoserine may be converted to glucose in the phlorhizinized dog is shown in 
a single experiment of Kawada, in which extra glucose corresponding to 40 
per cent of the theoretical amount (on the assumption that all 3 carbon 
atoms were converted to glucose) was excreted in the urine (17). 

The present experiments include a comparative study of glycogen forma- 
tion carried out under as nearly uniform experimental conditions as pos- 
sible. The results are in agreement with earlier observations that the 
amino derivatives of propionic acid of the protein molecule, alanine (2, 4, 
5) and serine (15), are among the most effective of the amino acids in pro- 
moting a rapid increase of hepatic glycogen in the fasting rat. The rate 
of glyconeogenesis has been emphasized by a number of investigators 
(2,5,6). Other faetors also play a réle. The increase of liver glycogen was 
less when alanine in a gum tragacanth solution was administered than when 
an aqueous solution was fed (16). Many other seemingly unimportant 
factors may be concerned. For this reason it is desirable to maintain 
uniform: conditions of experimentation if results are to be compared. 

The results obtained in this study with the stereoisomers of alanine are 
dificult of explanation. They should be repeated and extended if possible. 
In particular, the use of longer periods of absorption is desirable, provided 
that proper control conditions are established. 


SUMMARY 
1. The deposition of glycogen in the liver of fasted young white rats after 
the oral administration of various monoamino derivatives of propionic 


acid has been studied. 
2. The increase of liver glycogen after a 3 hour absorption period may be 
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listed in the following descending order: pi- and b-alanine (essentially the 
same), DL-serine, L-alanine, and pL-isoserine. In all these cases, the com- 
parisons with the liver glycogen of control (fasted) animals showed the re- 
sults to be of statistical significance. The liver glycogen after administra- 
tion of 8-alanine did not differ from the control values. 
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A COMPARISON OF THE HOWE AND THE ELECTROPHORETIC 
METHODS FOR THE DETERMINATION OF 
PLASMA ALBUMIN 


By MARY L. PETERMANN,* NELSON F. YOUNG, 
anp KATHARINE R. HOGNESS 


(From the Sloan-Kettering Institute for Cancer Research, New York) 
(Received for publication, May 3, 1947) 


During a study in this laboratory on the variations in the total circulating 
plasma protein and its albumin and globulin components in patients with 
gastric cancer (Homburger et al. (1)), the albumin fraction was measured 
by both the Howe chemical method (which determines the protein soluble 
in sodium sulfate (2)) and the electrophoretic method. A review of the 
literature indicates that the values for the albumin fraction obtained by 
the Howe method are somewhat higher than those obtained for this com- 
ponent by electrophoresis, but it has been generally assumed that the 
differences between the results are relatively constant. In this communi- 
cation is presented an extensive comparison of the albumin concentrations 
found by these two methods on the same blood samples. The results de- 
monstrate wide fluctuations in the differences between the values and 
provide data which afford a partial explanation of these fluctuations. 


Methods 


Blood samples were taken from normal subjects and patients in the 
postabsorptive state. On one sample total protein and the so called “al- 
bumin” by the Howe method were measured. On a second sample the 
electrophoretic pattern was determined. 

For the total protein and chemical “albumin,” the blood samples were 
added to flasks coated with dry sodium citrate. The protein soluble in 
sodium sulfate was separated by Howe’s method, as modified by Robinson, 
Price, and Hogden (3), to avoid filtration errors. All protein determi- 
nations were made by Kjeldahl analysis and were corrected for non-protein 
nitrogen. 

For the electrophoretic analyses, the blood samples were taken into 
syringes containing 0.1 volume of 5 per cent sodium citrate. The plasma 
was diluted with buffer to a protein concentration of 2.15 gm. per 100 cc. 
and dialyzed for 2 days against two lots of buffer. The buffer was 0.06 
M in diethylbarbituric acid and 0.008 in citric acid, with enough sodium 
hydroxide to bring the pH to 8.6. The ionic strength of this buffer is 


* Finney-Howell Research Foundation Fellow, 1946-47. 
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0.098. The mobilities of the plasma proteins are higher in the presence 
of citrate than in barbiturate alone, and with a potential gradient of 7 
volts per cm., an analysis can be made in the long cell in 110 minutes. The 


percentage of each component agrees closely with that obtained in barbj-. 


turate alone, and the boundaries separate more sharply. The boundaries 
were recorded by the scanning technique of Longsworth (4). Enlarged 
tracings were analyzed by the method of Svedberg and Pedersen (5). For 
each component, the values obtained on the ascending and descending 
sides were averaged. 

Because samples of plasma were obtained at irregular intervals, the 
effect of freezing was investigated. Samples of about 7 cc. were shell-frozen 
with dry ice and alcohol in small Pyrex bottles, stored in a deep freeze 
cabinet at —40°, and subsequently thawed rapidly by rotation in water 
at 30°. No increase in turbidity was observed, and there was no change 
in the electrophoretic pattern. Samples were, therefore, stored in this 
fashion routinely. The effect of rapid freezing and thawing on plasma has 
been discussed by Strumia (6). 

In two experiments, « 10 ec. sample of plasma was fractionated by the 
sodium sulfate procedure. The protein in the filtrate was precipitated 
by dialysis against saturated ammonium sulfate, redissolved in a small 
volume of saline, and dialyzed against saline until free of sulfate. It was 
then dialyzed against the veronal-citrate buffer and analyzed electrophore- 


tically. 
Re sults 


In a series of eighty experiments, the sodium sulfate-soluble protein 
(S. P.') values* exceeded the albumin! by amounts varying from 1 to 39 per 
cent. The results are indicated by the hollow symbols in Fig. 1. The 
solid symbols represent the same S. P. values plotted against the sum of 


the electrophoretic albumin, a;- and ae-globulins. These points cluster 


around the dash line, which is the line of exact equivalence. The 8. P. 
values thus represent the total amount of albumin and a-globulin rather 


than the albumin alone. 
In normal subjects the S. P. values generally include a few per cent of 


1 Although the original definition of plasma albumin was based on solubility, it now 
seems advisable to reserve the term albumin for that fraction of the plasma protein 
which migrates as a single electrophoretic component in short time experiments at 
pH 8.6. The Howe “albumin,” which consists of the electrophoretic albumin and 
variable amounts of globulin, is here referred to as “‘sodium sulfate-soluble protein,” 
or the “S. P.”’ fraction. 

2 Since in the normal range small changes in percentage of albumin can cause large 
changes in the albumin to globulin ratio, the results have been expressed as percent- 


age of total protein. 
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other protein as well as both a-globulins. ‘That this is probably 6-globulin 
is shown by a study of the proteins included in the 5. P. fraction. 
Electrophoretic analyses of two plasmas and the 8. P. fractions obtained 
from them are given in Table I. The columns marked ‘‘theoretical per 
cent” show the calculated composition of an S. P. fraetion from which the y- 
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Fic. 1. A comparison of the percentage of the plasma protein soluble in sodium sul- 
fate with the percentage of variouselectrophoretic components. The hollow symbols 
are plotted against the albumin alone; the solid symbols are plotted against the 
sum of the albumin and a-globulins. ©, @ = normal subjects; 4, 4 = patients with 
gastric ulcer; 0, @ = patients with gastric cancer; X, X = miscellaneous patients. 


and 8-globulins and fibrinogen bave been removed quantitatively. The 
observed values are these obtained by electrophoretic analysis of the 8. P. 
fractions of the same plasmas. In Patient 2 (Hodgkin’s disease) the ex- 
pected amounts of each a-globulin and a little 8-globulin were found in the 
8. P. fraction. In the normal subject the 8. P. fraction was extremely 
turbid. The turbidity migrated with the a-globulin; analysis of the 
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. 


tracings was difficult but the sum of the a-globulins was close to the eal. 
culated value. 6 per cent of 8-globulin was also present. 

In fifteen cases, the plasma proteins were studied on several occasions. 
These experiments show to what extent the 5. P. values reflect changes jn 
the albumin of patients who are being followed during metabolic studies. 
The results are given in Fig.2. The first column shows three sets of analyses 
on subjects on the ordinary hospital diet. The first is a normal subject: 
the second is a patient with Hodgkin’s disease; and the third had lympho- 
sarcoma. In the second column are given the results on three patients 
with gastric ulcer who received large amounts of protein hydrolysate. [p 
both sets of experiments the S. P. values follow the sum of the albumin 


and a-globulins closely. Since the amount of ay-globulin is small and 


TaBLe | 
Electrophoretic Analysts of Whole Plasma and of Sodium Sulfate-Soluble Fraction 
Normal subject Patient 2 
Whole S. P. fraction Whole S. P. fraction 
plasma oz 5 plasma pe ; = 
Theoretical Observed Theoretical | Observed 
per cent per cent per cent per cent per cent per cen! 
Albumin 56.1 78.5 73.1 38.9 58.2 54.9 
a,-Globulin 6.2 8.7) 1i.7| 11.5 17.2 18.0 
> 21.6 > 21.4 
e-Globulin 9.2 12.9 9.7 16.5 24.6 22.7 
3-Globulin 12.0 5.6 15.1 4.4 
Fibrinogen 5.6 0 4.5 0 
> -Globulin 10.8 0 13.6 0 


relatively constant, variations in this component are unimportant. The 


ee-globulin, however, can be markedly increased in the presence of wasting 
disease, as has been shown by Shedlovsky and Scudder (7), and more 
recently by Chow (8). Since clinical improvement may be accompanied 
by a decrease in ag-globulin as well as by an increase in albumin, the 8. P 


value may fail to show any change. This is illustrated best by the case 


of Patient 2 in Fig. 2; it shows up to a lesser degree in Patients 1, 5, 9, 10, 


and 12. 

A much greater difficulty is illustrated by the results on patients with 
gastric cancer who received protein hydrolysate. In some cases (Patients 
12, 15) the changes in the S. P. value reflect changes in the albumin com- 


ponent quite accurately. In others (Patients 7,8, 13, 14) the fluctuations 


in the S. P. values seem to be quite independent of changes in the albumin 
fraction during the first 20 days of treatment. 


If this happened only 
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0, } Fic. 2. The changes in the 8. P. fraction and in the electrophoretic components of 
the plasma protein. The ordinate shows percentage of the plasma protein. The ab- 
th scissa shows time in days. Experiment 7 lasted 85 days, and Experiment 8 lasted 71 


ts | days. 


n- 
ys | oeeasionally, it might be ascribed to technical error. However, it occurs 
. frequently in patients with gastric cancer and rarely in patients with other 
ly disorders. It is apparent that these fluctuations are due to changes in the 


solubility in sodium sulfate of the plasma proteins of these patients. 
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DISCUSSION 


Although the electrophoretic technique is capable of distinguishing a 
larger number of plasma protein components than does sodium sulfate frae- 
tionation, it does not give absolute values. Three tvpes of errors must be 
considered. First is the fact that the proportion of albumin obtained on 
analysis of a given plasma can vary by several per cent, depending on the 
ratio of buffer to protein concentration in the solution. The theoretieal 
basis for this effect has been discussed by Longsworth (9). The buffer 
salt to protein ratio has been kept constant in these experiments, in order 
to make the error from this cause as consistent as possible. 

A second type of error arises from the assumption that every protein 
component in the plasma has the same refractive index increment and a 
nitrogen factor of 6.25. Armstrong, Budka, and Morrison (10) have cor- 
rected their electrophoretic analyses on the basis of the refractive index 
increments and nitrogen contents of the various protein fractions isolated 
from human plasma. These corrections amount to only 2 per cent, and 
should be fairly uniform throughout this series of experiments. 

The third source of error in the electrophoretic values arises from that 
portion of the refractive index increments which is caused by the lipides 
bound to the various globulin components. Some of the purified @- and 
3-globulins prepared by ethanol fractionation of normal human plasma con- 
tain large amounts of cholesterol and other lipides (10). It may be seen 
from Fig. 2, however, that changes in the total amounts of a-globulin (plus 
hound lipide) in these patients during the course of hydrolysate therapy are 
small. Changes in the 3-globulin are of the same magnitude’ If all of 
these changes were due to lipide alone, the error involved could not account 
for the inconsistencies between the S. P. values and the albumin found in 
these experiments. 

A summary of the comparative data on determinations of albumin by the 
Howe and electrophoretic methods found in the literature is given in Table 
II. When electrophoretic analyses were made at pH 7-4 or 7.8, the values 
given for “albumin” have been assumed to represent albumin plus a,-globu- 
lin. In normal human subjects and in many diseases, the S. P. values agree 
more closely with the albumin plus ea-globulin than they do with the al- 
bumin alone. Both Gutman and coworkers (12) and Dole (18) have ana- 
lyzed the S. P. fraction electrophoretically and found a-globulin to be 
present, and similar results have been obtained in the investigation herein 
reported, 

In patients with cirrhosis (15) or nephrosis (12, 16), the a-globulins are 
much less soluble. When dogs are depleted of protein by low protein diets 


? Petermann, M. L., and Hogness, K. R., unpublished work. 
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and plasmapheresis, the a-globulins become less soluble in sodium sulfate 
(8, 17); when large amounts of liver are fed, the a-globulins become soluble 


A Comparison of Howe ‘“‘Albumin”’ Values with Electrophoretic Analyses 


Authors Buffer pH 
a — 
Taylor and | Phosphate | 7.8 
Keys (11) | 
Gutman et | Phosphate- 7.4 
al. (12) chloride | 
or vero- 
nal 7.8 
Luetscher Phosphate | 7.8 
(13) 
Pillemer and} Veronal 8.6 
Hutchin- | 
son (14) 
Thorn et al. - 8.6 
(15) 
Thorn et al. 8.6 
(16) 
Chow (8) * 8.6 
Zeldis et al. _ 8.5 
(17) 
Dole (18) ‘s 8.6 


again (17)(see Table IIL). 


teins become less soluble in sodium sulfate. 


TABLE II 





Subjects 
8 normal 
1 “ce 


1 lymphogranu- 


myeloma 


| Normal average | 


| Nephrotic 
Terminal neph- 
ritis 
Amyloid disease 
Acute rheumatic 
fever 
| Cirrhosis 
3 normal 
7 patients 


Cirrhosis 


Nephrosis 


Normal dogs 

Protein-depleted 
dogs 

| Normal dogs 

Protein-depleted 
dogs 

Normals and pa- 
tients 


loma venereum 


Excess protein in filtrate 

















Over electrophoretic 
Over el - : 
| Cretic albumin” | bumin + a 
per cent per cent 
Average —1.8 
| 5 
0 
—10 to +19 
—7.5 
0, —15, —23 
| +5, —2 
—1 
—3 
| =! 
| Average +7 
rT; +13 
| —2 to +3 —10 to —25 
| +6 to +19 —4 to —28 
| Average +16 | Average —2.5 
se +19 ec —13 
ae - —8 
<6 +27 | —18 
| 
_ A:G ratio by | 
electropho- | 
resis = 2/3 | 
A:G ratio | 
by Howe 


method 


Recently, Dubach and Hill (19) have shown 
that, when rabbits are given large amounts of cholesterol, their plasma pro- 
The changes in solubility 
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follow the rise in blood cholesterol by several weeks, and the authors be. 
lieve that some slow metabolic change is responsible. 

Patients with gastric cancer frequently have impaired liver function (20) 
and fatty livers (21). The possibility exists, therefore, that in nephrosis 
or in disorders with impaired liver function, such as cirrhosis and some 
cases of gastric cancer, the a-globulins contain enough extra cholesterol or 
other lipide to make them less soluble in sodium sulfate. 

When a high intake of protein can be provided for a sufficient time before 
operation to patients with gastric cancer and impaired fatty livers, the 
amount of hepatic fat found on liver biopsy is greatly reduced (21). The 
same effect has been found in patients with gall-bladder disease (22). The 
lipotropic effect of a high intake of protein or protein hydrolysate may be 
accompanied by a decrease in the amount of lipide bound to the a-globulins, 
so that their normal solubility in sodium sulfate is restored. The 8. P. 
value may, therefore, increase, even though the albumin remains constant 


or decreases. 
SUMMARY 


1. The fraction of human plasma soluble in sodium sulfate (the “albu- 
min’? determined by Howe’s method) usually includes the a,- and ag-glob- 
ulins as well as the albumin. 

2. When a decrease in albumin is accompanied by an increase in the a- 
globulins, the total amount of protein soluble in sodium sulfate may remain 
at a constant level. Changes of clinical significance may thus escape detee- 
tion by this method. 

3. In some patients, therapy with protein hydrolysate may cause marked 
alterations in the sodium sulfate-soluble protein fraction. Sirce these 
changes often show no correlation with shifts in the electrophoretic albumin, 
it is suggested that they are due to alterations in the solubility of the a- and 
8-globulins in sodium sulfate which are mediated by a lipotropie effect on 
the liver. 

1. It is concluded that the determination of the protein soluble in sodium 
sulfate by the Howe method may be an unreliable index of the electro- 
phoretic albumin fraction, particularly in patients who are receiving a high 
intake of protein or protein hydrolysate. 


These studies were made possible through the cooperation of Dr. G. T. 
Pack and Dr. G. MeNeer and the staff of the Gastrie Service, and of 
Dr. L. F. Craver and the staff of the Medical Service of Memorial Hos- 
pital for the Treatment of Cancer and Allied Diseases. Some of the ex- 
penses of this investigation were defrayed by a grant from the James 


Foundation of New York, Inc. 
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STUDIES ON ADENOSINETRIPHOSPHATASE IN MUSCLE 
I. CONCENTRATION OF THE ENZYME ON MYOSIN* 


By B. DAVID POLIS anp OTTO MEYERHOF 


(From the Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia) 


(Received for publication, April 9, 1947) 


Any modern theory of muscular contraction connecting chemical and 
mechanical events in the functioning muscle will, if it includes the recent 
work of Engelhardt, Dainty, and Szent-Gyérgyi, give considerable im- 
portance to the identity or close association of the enzyme adenosine- 
triphosphatase’ and the muscle protein myosin. 

In the announcement of the discovery that the ATPase activity in- 
variably accompanies the myosin fraction of muscle protein, Engelhardt 
and Lyubimova (2) were careful to state that, although they found ATP- 
ase and myosin to be indistinguishable with regard to such properties as 
solubility, thermolability, and sensitivity to acids, the available evidence 
was insufficient to determine the identity or non-identity of the enzyme 
and protein. Subsequent investigators, confirming and amplifying the 
Russian authors, gave added credence to the implication that the myosin 
fraction as a whole was identical with the enzyme, although in the neg- 
ative sense, in that they could effect no separation. 

This many sided problem has been ably reviewed recently by Engelhardt 
(3), stressing the evidence for the identity of myosin and ATPase. There 
are, however, several aspects of the problem which prompted reinvesti- 
gation. Other phosphorylating and dephosphorylating enzymes show in 
pure form a turnover number, 7.c. (mole of substrate metabolized per 
minute) /(mole or equivalent of enzyme), at 38° of 10‘ to 10%. Ifthe total 
myosin represents the ATPase, its maximal turnover number would be 
about 3 X 10°. This would be even less when actual conditions in the 
living muscle (pH, ions) are taken into account. The other known and 
partly purified analogue, the apyrase of potatoes, has a turnover number 


* The data in this paper are taken from the thesis to be presented by B. David Polis 
to the Faculty of the Graduate School of the University of Pennsylvania in partiai 
fulfilment of the requirements for the degree of Doctor of Philosophy, when all other 
requirements have been fulfilled. A preliminary note has appeared (1). We are in- 
debted to the Dazian Foundation for Medical Research and the Penrose Fund of the 
American Philosophical Society for grants in support of this work. 

‘The following abbreviations are used: ATP, adenosine triphosphate, ADP, ade- 
nosine diphosphate, ATPase, adenosinetriphosphatase, apyrase, adenylpyrophos- 
phatase, splitting both labile P groups. 
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of at least 4 X 10° at 30° (KKalekar (4)). The physical state of myosin, 
double refraction of flow, viscosity, etc., may be varied considerably with- 
out change in enzymatic activity, and may, on the other hand, remain 
constant while the enzymatic activity may be increased, decreased, or 
completely abolished (Singher and Meister (5)). Similar lack of cor- 
relation is encountered with respect to titratable SH groups (Needham (6)),. 
That the enzyme may be only adsorbed on the myosin is further em- 
phasized by Kalckar’s (4) discovery that potato apyrase was easily adsorbed 
on myosin and that after adsorption it could not be removed. Finally the 
splitting of ATP by the watery extract of muscle cannot be ignored. The 
presence of ATPase in the watery extract of muscle was first demonstrated 
by Lohmann (7). Lyubimova and Engelhardt (8) and also Needham (6) 
have shown that the splitting occurred with simultaneous phosphorylation 
of creatine. Whatever this mechanism may be, it can hardly be assumed 
that the enzyme was dissolved myosin. 

The recent work of Szent-Gyérgyi’s laboratory (9), showing that crystal- 
lized myosin is still enzymatically active and retains the same activity 
after repeated erystallizations, cannot be quoted as counter-evidence, be- 
cause in protein chemistry crystallization does not prove chemical uni- 
formity of the erystals (Meverhof and Beck (10)). 

Our efforts to resolve the situation were begun in the summer of 1944. 
The procedure developed was briefly described in 1946 (11). On this oe- 
casion Price and Cori announced a different method of separation. We 
were unable to obtain a highly active ATPase free of calcium activation 
and transphosphorylation by following their procedure. Since then Cori 
(12) has modified the conclusions drawn from their experiments. 


. 


Methods and U nits 


Following the proposals of Bailey (13), we calculated the activity as Qp 
equal to the volume of a hypothetical gas (in microliters) equivalent to the 
amount of P (in micrograms) liberated by | mg. of myosin in 1 hour. The 
time of incubation was 5 minutes. The myosin protein was determined 
by the micro-Kjeldahl procedure or, especially for preliminary tests, by the 
biuret reaction according to Robinson and Hogden (14) or Kingsley (15). 
The activity was measured with optimal calcium concentration of 1.5 
x 107? M at optimal pH 9.0 and with at least 4 times as much ATP as was 
decomposed during the 5 minutes to insure that the reaction ATP-ADP 
was not inhibited by an accumulation of the end-product. 

Myosin was prepared from rabbit muscle. The rabbit was anesthetized 
with nembutal (10 ml. of saturated nembutal intraperitoneally), bled from 
the throat, and the cooled muscle excised, ground twice through a cooled 
meat grinder, and then worked up for myosin according to the procedure 
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of either Edsall (16) or Szent-Gyérgyi (9). Double distilled water was used 
for all extractions. 

ATP was prepared from rabbit muscle according to Kerr (17) with some 
modifications. The alkali treatment and removal of iron by H2S was 
omitted, but all traces of the metal as well as barium were removed from 
the purified barium salt by an ion exchange reaction on Amberlite resin.* 
For this purpose as much of the barium salt as is necessary for several 
series of experiments was dissolved in the minimum amount of 0.1 N HCl 
and washed through a tube filled with Amberlite IR-100 in the proportion 
of 2 to 3 gm. of the dry resin per 100 mg. of the mono barium salt of ATP 
used. The resin was washed with double distilled water and the eluate 
adjusted to the desired pH and diluted to the required volume. Before 
use the resin must be activated with 4 per cent NagCO; and then washed 
free of excess alkali with distilled water. It is then air-dried and stored. 

If such a purified ATP is used, the activating effect of glutathione, as 
described by Ziff (18), vanishes. It has been our experience that gluta- 
thione inhibits the enzyme slightly in concentrations higher than 5 X 107% 
uv. On the other hand the activation by KCN, as described by Binkley 
ct al. (19), still persists. 

In a similar manner the advantage of glycine as a buffer also disappears 
with the use of ATP purified by adsorption on the resin. Thus, while 
NasCOs-NaHCO; buffer is not suitable, probably because of precipitation 
of calcium, other buffers, like borate, veronal, and glycine, at optimal 
concentration of calcium (1.5 X 107*m) and optimal pH 9.0 yield the same 
activity. It appears, then, that the higher activity with glycine found 
by some authors (Bailey (13)) was due primarly to binding in complex 
form of toxie traces of metal by the glycine. Clark’s (20) 0.2 m borate 
buffer mixture was used throughout this work. 

Final determination of protein was made by the micro-Kjeldahl proce- 
dure with a Pregl apparatus having a silver condenser. The distilled 
ammonia was determined by nesslerization. Comparison with standards 
was accomplished with an Evelyn photoelectric colorimeter equipped with a 
filter with maximal transmission at 420 mu. The use of alcohol as a protein 
precipitant, as recommended by Szent-Gyérgyi, gave such large increases 
in Qp of the eluted enzyme compared to the Qp values obtained when 
trichloroacetic acid was used as a precipitant that they were considered 
to be the result of incomplete precipitation. 

Absolute Activity of Myosin Preparations—With the same technique, 
it is a general experience that the activity of myosin preparations is variable 
within wide limits. Some authors report figures which when calculated 


2 Amberlite IR-100 is obtainable from The Resinous Products and Chemical Com- 
pany, Washington Square, Philadelphia. 
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according to Bailey (13) would give Qp values as low as 100 to 200 with 
reprecipitated myosin. ‘Three factors are responsible for these variations. 
Impurities in ATP, especially heavy metals like mercury and copper, give 
a very strong inhibition. Second, the age of the myosin preparation 
when kept at temperatures around 5° has some influence. The activity 
may decrease appreciably in the first few days, later more slowly. The 
third factor, not previously mentioned, is the length of time during which 
the myosin is kept precipitated in distilled water in the procedure of Edsall 
(16). The longer the myosin precipitate remains in contact with the 
distilled water, the more it loses its enzymatic activity. After this ob- 
servation was made, we centrifuged the myosin immediately after dilution 
and adjustment of the pH to 6.8. The precipitate was washed with water 
and then redissolved in 0.5 m KCI-0.03 m NaHCO; solution. With these 
precautions a twice reprecipitated myosin generally had an activity of 
about Qp 2000, similar to that reported by Engelhardt and Lyubimova 
(21). Although lower activities occurring between 1000 and 2000 are 
easily obtained, we have found unfractionated myosin with Qp values 
higher than 3000 in only very few instances. One can gather from the 
papers of Bailey (13), Szent-Gyérgyi (9), and Engelhardt (3) that values 
higher than 3000 were also quite exceptional in their work with myosin 
from rabbits. The Qp values should be obtained with a turnover of 15 to 
60 y of 7 minute P in 5 minutes and in the presence of about 200 y of 7 
minute P in ATP. With much higher or lower concentrations of total 
ATP and with the splitting of less ATP, Qp values may differ somewhat. 

A maximal activity of Qp from 2000 to 3000 in unfractionated myosin 
is in agreement with the total activity encountered in diluted aliquots of 
the total muscle mince in KCl at the same pH and calcium concentration, 
assuming that about half of this protein is myosin. Such an extract gave 
activities of 1000 to 1200. By addition of 0.01 m KCN the activities were 
increased about 20 per cent. 

Varied fractionation procedures were attempted by several authors. 
kxperiments such as variation of KCl concentrations between 0 and 0.5 mM 
or partial denaturation with urea or guanidine, etc., in all cases showed the 
myosin activity to change in proportion to the undenatured protein which 
remained dissolved in KCl solution. We can add to these findings that 
if the viscosity of myosin was lowered by sonic vibration*® the activity 
dropped in a similar way. 

Qp Values Obtained with Adsorption on and Elution from Lanthanum 
Salt—Owing to the intimate connection which apparently exists between 
the enzyme and the undenatured myosin, drastic treatment of the myosin 


* The oscillator of the Johnson Foundation of Medical Physics, University of 
Pennsylvania, was used for these experiments. 








B. D. POLIS AND 0. MEYERHOF 393 


does not effect a separation. Guided by this principle, we tried different 
kinds of adsorbents, a method introduced by the school of Willstatter, for 
partial purification of unstable enzymes. By trial and error it was found 
that part of the protein was precipitated on the basic lanthanum salt (ace- 
tate or nitrate) at pH 8.0. Elution of the enzyme by means of a KCl 
solution containing KCN and ATP produced fractions which exhibited 
quite different enzymatic activities, although they all contained myosin. 
Generally speaking, the fractions rich in enzyme were more soluble than 
the inert fractions. In those cases, therefore, when the concentration of 
lanthanum was made to 0.003 M in a 0.2 per cent solution of myosin in 0.5 
mu KCl and 0.03 a NaHCO,, the residual supernatant showed an increased 
activity. By raising the lanthanum concentration to 0.004 m the protein 
was almost completely precipitated. Elution of the adsorbed protein with 
KCI-NaHCQ; solution containing ATP and KCN yielded fractions showing 
a 2- to 4-fold increase in activity. The highest absolute activities were 
obtained when the original myosin itself had an unusually high Qp, 1.e. 
1000. In this case values from 10,000 to 15,000 could be obtained. 


Procedure 


At temperatures not higher than 5°, a highly active fraction of myosin 
was diluted to a concentration of 0.2 per cent with 0.5 m KCI-0.03 m Na- 
HCO;. A 0.1 m lanthanum acetate solution was added dropwise to a 
solution of myosin, with thorough though gentle stirring, until a final 
concentration of 0.003 mM was reached. Nearly all the protein was in the 
precipitate that could be centrifuged down. The supernatant solution 
now had a low concentration of enzyme with activity higher than the ori- 
ginal. The precipitate was washed by suspension in KCl-NaHCQ,; solu- 
tion. After centrifugation, the precipitate was made into a paste with a 
solution of ATP of such concentration that upon dilution with one-half 
of the original volume of KCl-NaHCO; the final concentration of ATP 
would be 0.001 m. KCN was added to a final concentration of 0.01 m. 
The suspension was thoroughly stirred and centrifuged. The supernatant 
fluid now contained an enzyme with a 2- to 4-fold increase in activity. 
Repeated elution of the lanthanum precipitate gave enzyme solutions of 
progressively lowered activity, so that by the third elution the activity 
of the original myosin was reattained (Experiment 10-3, Table I). 

Further purification of the eluted enzyme by repetition of the lanthanum 
precipitation procedure was unfortunately complicated by the toxic action 
of lanthanum for ATPase. Not only was there a direct inhibition of the 
enzyme when lanthanum was added to the incubation mixture, but the 
eluate on standing, even at low temperatures, rapidly lost its activity 
and in 24 hours it became negligible. Attempts to remove the lanthanum 
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by chelation with organic reagents or by combination with heavy metal 
precipitants such as algin* gave only limited success. Although it was 
possible many times to obtain an increase in activity 2 to 3 times higher 
than in the lanthanum eluate alone, the addition of the reagent made the 
eluate unfit for further purification by a repetition of the lanthanum pre- 
cipitation (Experiment 1-17, Table I). The inhibiting action of the lan- 
thanum present in the first eluate was counteracted to some extent by the 
ATP and KCN added. In no experiment was the inhibiting action of 
lanthanum abolished more than by dilution with borate buffer (Experiment 
11-21, Table 1). 

Elution of the enzyme from the lanthanum precipitate could be ae- 
complished with KCl plus KCN. The enzyme in this instance was usually 
very dilute, although the activity was increased. The use of ATP re- 
leased more enzyme from the lanthanum precipitate (Experiments 9-24, 
9-27, Table I). This probably was accomplished by interaction of the 
ATP and lanthanum to form insoluble lanthanum ATP with release of the 
enzyme. The concentration of ATP in the eluting solution was quite 
critical. With the use of an excess of ATP it became possible to bring the 
original myosin back into solution. In general it was quite difficult to 
obtain enzyme activities with a Qp over 10,000. Usually the eluted enzyme 
prepared from Edsall or Szent-Gyérgyvi mvosin had activities of Qp 5000 
to 6000. 

Since ATP itself has such marked action on myosin, 7.¢. increase in solu- 
bility, ete., the question arose as to the necessity for precipitation with 
lanthanum to effect a type of separation of the enzyme from myosin. 
Would ATP and*KCN alone bring about any kind of increase in activity? 
In Table I, Experiment 11-21, the activity of the reprecipitated myosin is 
reported as Qp 1300. The addition of KCN and ATP to this preparation 
raised the activity to Qp 1470. However, after dilution with 0.2 m_ borate 
buffer and centrifugation, the activity increased to Qp 5000. When this 
myosin with added ATP was subjected to precipitation with lanthanum 
and subsequent elution, an enzyme with activity Qp 14,000 was obtained. 
One might assume that in the presence of ATP the change in salt concen- 
tration by dilution with buffer did effect a type of fractionation. If this 
were so, then one might consider the increase in activity by lanthanum 
precipitation as I4-fold. Bailey (13), however, reported an activity of 
Qp 5000 to 6000 for myosin preparations with no fractionation procedure 
other than reprecipitation from KCl] solution. On the assumption that 
our extraction procedures were equivalent, at least with respect to ATPase 


‘Sodium alginate is the purified carbohydrate product extracted from the giant 
brown seaweeds by the use of dilute alkali. We are indebted to Dr. A. J. Pacini of the 
Algin Corporation of America for generous samples. 
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ATP added; centrifuged 
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to 0.02 mM 
Eluted with KCl, KCN 
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Eluted with KCI, KCN 


to 0.005 m 
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Eluted with KC], KCN 
ATP 


Stock diluted 2:5 with 
buffer 

KCN added to 0.01 m, 
ATP to 0.001 m 

Above diluted 1:4 with 
borate buffer 

None 


Diluted 1:5 with borate | 


buffer 

Eluted with KCI], KCN, 
ATP; diluted with 
borate buffer 

Diluted 1:5 with borate 
buffer 

Eluted with KCI], KCN, 
ATP 
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Eluted with KCI], KCN, 
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ATP added; centrifuged 
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TasLe I—Concluded 























Experi- P split | 
ment Fraction Treatment in $ Proteint | Q 
No. j min. P 
| | 
i ei 
1-17 | Crystalline myosin Diluted 1:10 in borate 16 | 50 2,780 
| buffer | 
Ppt. 1 Eluate diluted 1:5with | 8 | 29 2,400 
buffer | 
“ 9 Eluate diluted 1:5with |22 | 20 | 9,000 
buffer and algin 
10-1 | Crystalline myosin None 57 198 | 2,600 
| Supernatant from lan- ” 14 | 24 | 5,050 
thanum ppt. 
Ppt. 1 | Eluted from lanthanum | 22 | 33 | 5,770 
ppt. with KCl, KCN, 
ATP 
10-3 | Twice recrystallized None 33.8 | 151 1,950 
myosin 
Ppt. 1 Eluted with KCl, KCN, | 20 29 5,980 
| ATP 
ee | Second elution with 33.8 | 77 | 2,780 
| KCl, KCN, ATP 
co a | Third elution with KCl, | 22.8 | 98 2,020 
_ KCN, ATP 








* Activities were measured with 0.5 ml. of borate buffer, 0.5 ml. of 0.02 n CaCl, 
0.2 ml. of 0.01 a KCN, and 0.3 ml. of ATP (100 mg. of the mono barium salt per 10 
ml.). After mixing, the tubes were brought to 37° and 0.2 ml. of enzyme was added. 
The reaction was stopped after 5 minutes by the addition of 1 ml. of 10 per cent 
trichloroacetic acid. The protein precipitate was centrifuged down and PO, was 
determined on 1 ml. of the clear supernatant by the method of Fiske and Subbarow 
(22). 

t All protein determinations were done by the micro-Kjeldahl procedure except 
those with superscript 6 in which the biuret method was employed. 

t Unless otherwise stated, KCN is added to a final concentration of 0.01 m. 

§ No activity in the supernatant of either myosin after lanthanum precipitation. 


activity, the increase in activity from 1400 to 5000 was considered as the 
maximal activation of the unfractionated myosin protein. The 2.8-fold 
increase after lanthanum precipitation was then taken as an indication of a 


separation of the enzyme from the myosin. 

The use of KCN alone or ATP alone did not increase the activity of the 
original myosin after dilution with buffer as did the use of both reagents 
in combination. However, fractionation by lanthanum precipitation still 
gave a 2.2-fold increase (Experiments 12-3, 12-5, Table I). It is of in- 
terest to note that with the addition of ATP to the myosin there was an 
increase in activity in the supernatant solution after precipitation with 
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lanthanum. In Experiment 12-3 (Table I) the supernatant alone had no 
activity, while the supernatant of the same myosin (Experiment 12-5) with 
ATP gave a doubled increase over the original. This would seemingly in- 
dicate that the enzyme combines with ATP, forming a complex that has less 
affinity for lanthanum than myosin. This enzyme-ATP combination is 
probably the most promising point of attack for ultimate complete 
separation of ATPase from myosin. 

From the most conservative view-point, there was definitely a 2- or 
3-fold increase in enzyme activity over the highest value obtained with the 
myosin prepared according to the procedure of either Edsall or Szent- 
Gyérgyi. As a result we believe these experiments constitute evidence of 
the non-identity of the protein system called myosin and the enzyme 
adenosinetriphosphatase. 

Inhibition and Activation—Studies conducted on the nature of the in- 
hibiting mechanism for ATPase showed that fluoride inhibited only in 
that it decreased the concentration of ionized calcium by formation of 
Cals. Such a conclusion was apparently reached by Engelhardt (3). If 
manganese was used as the activating metal, no inhibition was observed 
with F~ concentration up to 10-? N. The maximal activation effect with 
manganese was, however, appreciably smaller than with calcium. 

Barron and Singer (23) found that myosin ATPase was inhibited by 
chloromercuribenzoate (107? um). On the other hand Needham (6) and 
Bailey (13) found no inhibition with iodoacetate. Such findings would be 
in accord with the generally accepted theory of SH groups of varied ac- 
cessibility. Iodoacetate attacks only the more superficially located groups 
which would have nothing to do with enzymatic activity, while the mercuric 
compounds attack also the less accessible SH groups. Lanthanum may be 
considered as occupying an intermediate position. While our findings are 
in general agreement with the results of the above authors, another ob- 
servation has so far not been mentioned in the literature; low concentration 
of SH inhibitors, especially the alkylating agents, iodoacetamide, iodoace- 
tate, and iodosobenzoate, and in a lesser degree the oxidizing mercuri com- 
pounds,® activate myosin ATPase from about 30 to 80 per cent. Tables 
If and III and Fig. 1 give a summary of these experiments. 

The experiments of Table II were made without previous incubation 
of myosin with the SH inhibitors. Since the effect on SH groups is a time 
reaction, another set of experiments was made in which myosin was in- 


5 We are indebted to Dr. Hellerman, The Johns Hopkins University, Baltimore, 
for a gift of most of these compounds. 

* Mr. Kielley, Department of Agriculture, University of Minnesota, informs us 
that he has found in unpublished experiments a similar activation with chloromer- 
curibenzoate on myosin ATPase. 
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cubated with the SH inhibitors for 10 minutes at room temperature prior 
to the reaction with ATP. Incubation at 38° was not feasible, since myosin 
ATPase without ATP was rapidly destroyed at that temperature. In the 
experiments with previous incubation the tendency to inhibition was much 
increased. This was due, in part, to the increased concentration of the 


Tase Il 
Activation and Inhibition of Myosin-ATPase with SH Inhibitors (without Previous 
Incubation of Enzyme) 


Myosin a “oF 
Date ae Substance added Concentration af = hag po hy 
w Y 
Apr. 30 II 48 
| Iodoacetamide 2 X 10° 74 +60 
8 X 10-5 80 +70 
May 2 45 
lodoacetamide 1.2 X 10-3 76 +70 
2X 10-* 55 +20 
lodoacetate 6 X 10°3 41 —10 
6 xX 10-4 45 0 
a 49 
lodoacetic acid 1.2 X 10°3 71 +45 
2X 10- 67 +35 
1.2 X 10° 67 +35 
~F III 13 
lodoacetic acid 2x we 63 +50 
2.5 X 10% 57 +30 
6 X 10°° 53 +20 
“= §¢ 43 
lodosobenzoate 2 X 10°5 48 +10 
5 X 107% 49 +-15 
Phenylmercuric hydroxide 1.2 X 10-3 0 —100 
1.2 X 10-4 60 +40 
<a. 54 
Phenylmercuric hydroxide 6 xX 10-4 1] ~ 80 
1.2 x 10-5 69 +30 
5 X 10°¢ 6S +30 


inhibitor during the time of reaction; t.¢c., before the inhibitor concentration 
was lowered by dilution of the enzyme with the testing mixture of ATP 
and buffer. The increased sensitivity of the enzyme to inhibitors in the 
absence of ATP also contributed to the enhanced inhibitory effect. Even 
in this case, the same phenomenon of activation in lowest concentrations 
and inhibition in higher concentrations was observed. 

The activating as well as the inhibiting influence was antagonized by 
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Apr. 29/ II 47 
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Iodoacetamide 8 X 10-4 2X 10 10 85 +80 
3.3 X 10-4;8 X 1075 10 86 +80 
May 6 III 31 
Iodoacetamide 5 X 1073 1.2 xX 10-7; 10 0 —100 
2.5 X 10°7|6 X 10-4 10 3 —90 
| 8 X 10- 2 X 10° 10 14 —55 
2.5 X 10°-4|6 X 1075 10 22 —30 
1 X 10-4 2.5 X 10-5; 10 50 +60 
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Fic. 1. The effect of SH inhibitors on the splitting of ATP by myosin ATPase 
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TaBLe IV 
Effect of Glutathione on SH Inhibition 
Added Added Preliminary P split in Per cent 
iodoacetamide | glutathione incubation 5 min. change 
| 

M M min. y 

40 

6 xX 10° * 25 
12x 10° | 62 +55 
2x10 | 6X 10° 31 +25 
3x he | 10 23 —42 
12x 10* | 6X 10% | 10 | 41 +60 








399 














400 ADENOSINETRIPHOSPHATASE IN MUSCLE. I 


glutathione (Table IV). This was very obvious with iodoacetamide. The 
chemical interaction of iodoacetamide with glutathione was very slow and 
incomplete in the absence of the enzyme. It seems, therefore, that the 
protection of the original activity of the enzyme by glutathione cannot 
be explained by a chemical reaction between glutathione and the inhibitor 
substance, but rather by a counteraction of glutathione in reestablishing the 
SH groups of the enzyme after they are alkylated (or oxidized) by the 


inhibitor. 


It is a pleasure to acknowledge the technical assistance of Mrs. Mildred 
Miller. 


SUMMARY 


1. Evidence is presented for the non-identity of the protein system of 
myosin and the enzyme adenosinetriphosphatase. Primarily this is based 
on the ability to effect an increase in enzymatic activity of myosin solutions 
by a mild fractionation procedure. Precipitation of myosin with a basic 
lanthanum salt and elution with a solution of KCl containing KCN and 
ATP yield fractions with a 3-fold increase in activity over the original 
myosin. These activities are at least double the highest reported in the 


literature for a purified or crystallized myosin. 
2. Experiments on the nature of inhibiting mechanisms for ATPase are 


in general agreement with those reported in the literature, with the ad- 
dition that low concentrations of SH inhibitors activate myosin ATPase 
about 30 to 80 per cent. Glutathione was found to counteract bot’) the 
activating and inhibiting effect. 
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INTERMEDIATES IN THE BIOLOGICAL OXIDATION 
OF ISOTOPIC ACETOACETATE 


By JOHN M. BUCHANAN, WARWICK SAKAMI,* SAMUEL GURIN, 
anp D. WRIGHT WILSON 


(From the Department of Physiological Chemistry, School of Medicine, University 
of Pennsylvania, Philadelphia) 


(Received for publication, April 19, 1947) 


In previous reports from this laboratory (1, 2) a study has been made of 
the intermediates of acetate and acetoacetate oxidation in kidney homo- 
genates. It was found that in kidney homogenates acetate and aceto- 
acetate are oxidized at about the same rate by way of intermediates of the 
tricarboxylic acid cycle (i.e. a-ketoglutarate, succinate, and fumarate). 
From the distribution of C“ in the carboxyl carbons of a-ketoglutarate, 
formed from carboxyl- and carbonyl-tagged acetoacetate, citrate was ex- 
cluded as an intermediate of acetoacetate oxidation. This observation 
has recently been confirmed by Weinhouse, Medes, Floyd, and Noda (8). 
These latter investigators (4) have also found that acetoacetate is readily 
formed from acetate in kidney slices and homogenates, even though there 
is no accumulation of ketone bodies in kidney tissue metabolizing acetate. 
Medes, Floyd, and Weinhouse (5) have further demonstrated that aceto- 
acetate is probably not an intermediate in the oxidative utilization of acetate. 

The question of whether acetate is an intermediate in acetoacetate oxi- 
dation, however, remains (6). In the present communication experiments 
are reported in which a comparison is made of the rate of acetate and 
acetoacetate oxidation in extracts of rabbit kidney. A study has also been 
made of the metabolism of isotopic acetoacetate in this extract. Both 
types of experiments, isotopic and non-isotopic, lead to the conclusion that 
acetate is not an intermediate of the oxidative metabolism of acetoacetate 
via the tricarboxylic acid cycle.' 


EXPERIMENTAL 


Preparation of Kidney Extract—Extracts of rabbit kidney were prepared 
by homogenizing 10 gm. of tissue with 10 cc. of cold 0.2 m phosphate 
buffer (pH 7.6) or 10 cc. of Krebs’ phosphate-saline (pH 7.4). This homo- 
genate was then centrifuged at 3000 r.p.m. for 15 minutes at 0° in order to 
remove the insoluble material. These extracts were cell-free but contained 
some cellular débris. 


* Present address, Department of Biochemistry, School of Medicine, Western 
Reserve University, Cleveland, Ohio. 
1A preliminary report of this work has been published (7). 
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Methods of Analysis of Organic Substrates—-Experiments were usually 
carried out for 40 minutes at 38° in the presence of oxygen gas. Citrate, 
acetate, and acetoacetate have been added to these kidney extracts to 
determine the rates of their metabolism. A study has also been made of 
the influence of the dicarboxylic acids, a-ketoglutaric and succinic acids, 
on acetoacetate disappearance, and in some experiments the formation 
of 8-hydroxybutyric acid has also been measured. Citrate was determined 
by the method of Pucher et al. (8) as modified by Hunter and Leloir (9), 
acetoacetate by the method of Edson (10), and 8-hydroxybutyric acid by 
the method of Weichselbaum and Somogyi (11). The method of Friede- 
mann (12) for the determination of volatile acids has been modified for 
the determination of small amounts of acetate. When small amounts of 
acetate (0.05 mm) were distilled according to the procedure of Friedemann, 
incomplete recoveries of the acid were usually obtained. The quantities 
of the reagents were consequently reduced 20-fold and the distillation 
made from a 25 cc. distilling flask. Since under these conditions high 
blank determinations were often obtained, p-toluylsulfonic acid was sub- 
stituted for sulfuric acid. With this reagent the blank of the determination 
was reduced and known amounts of acetic acid could be recovered quanti- 
tatively. This modification of the method has also been successfully used 
for the determination of small amounts of acetate in tissue extracts. The 
procedure used is as follows: 4 cc. of extract were mixed with 4 cc. of water 
containing 0.056 mm of acetic acid. 0.55 cc. of 10 per cent sodium tung- 
state was added and followed by 0.7 cc. of 25 per cent p-toluylsulfonic 
acid. The solution should be strongly acid. The precipitate was centri- 
fuged off and washed with two successive portions of 2 cc. of water. The 
supernatant and washings were transferred to a small distilling flask and 
the volume of the solution noted. 2.5 gm. of magnesium sulfate and a 
pinch of mercuric oxide were added and the solution was carefully heated 
until approximately three-fourths of the volume had been distilled over. 
Thereupon the precipitate was washed with 2 cc. of water and centrifuged. 
The supernatant was transferred to the distilling flask and 2 cc. more dis- 
tilled off. This process was repeated at least three times. ‘The total 
distillate (about 17 cc.) was then redistilled by the same procedure as 
above. The second distillate was aerated briefly with CO2-free air and 
titrated with 0.01 N NaOH. When 0.056 mm of acetic acid was added to 
kidney extracts and the distillation carried out as described above, 0.055 
mM was recovered in one experiment and 0.057 mm in another. 

Isolation of Organic Acids—At the conclusion of the isotopic experiment 
reported in Table III, acetic and a-ketoglutaric acids were isolated for 
isotopic analysis. The incubating solution was deproteinized and the 
residual a-ketoglutarate precipitated as the 2,4-dinitrophenylhydrazone. 
Acetic acid was then distilled from the supernatant. After redistillation 
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of the acetic acid, the solution was neutralized and then evaporated to a 
small volume. It was then acidified with a small amount of nitric acid, 
silver nitrate was added, and the pH of the solution adjusted to 5.0 with 
careful addition of ammonium hydroxide. Silver acetate thereupon crys- 
tallized out and after recrystallization was washed with alcohol, dried with 
ether, and placed in a vacuum desiccator over CaCle. 

The a-ketoglutaric acid 2,4-dinitrophenylhydrazone was oxidized with 
acid permanganate to succinic acid which was extracted with ether in the 
Kutscher-Steudel apparatus. The succinic acid solution was acidified 
with nitric acid and precipitated as the silver salt after the pH was adjusted 
to 5.0 with ammonium hydroxide. The silver succinate was then dis- 
solved in a small amount of nitric acid and reprecipitated by the addition 
of silver nitrate and ammonium hydroxide. Silver acetate and silver 
succinate were analyzed for their C* concentration in the mass spectrometer. 


Results 


Metabolism of Various Substrates by Kidney Extracts. Citrate—The 
addition of sodium citrate to 1 cc. of a phosphate extract of rabbit kidney 
results in the disappearance of citric acid at a rapid rate (14.0 micromoles . 
in 40 minutes). ‘This extract then differs from the preparation of Hunter 
and Leloir (9). They have found that washed tissue particles of kidney 
homogenized in 0.05 m bicarbonate buffer could convert ketone bodies to 
citrate in the presence of oxalacetate but could not further oxidize the 
citric acid formed. 

Acetoacetate—Although this extract could metabolize acetoacetate with 
the addition of other accessory substances, the rate could be approximately 
doubled by adding a-ketoglutarate (Table I). In some instances succinate 
was effective in stimulating acetoacetate metabolism but the effect of suc- 
cinate could not be consistently reproduced. The addition of a-keto- 
glutarate in small amounts does not result in a catalytic increase in aceto- 
acetate oxidation (Table I). 

As may be seen in Table II, formation of 8-hydroxybutyric acid accounts 
for approximately 18 per cent of acetoacetate disappearance. As may be 
seen from the calculations reported in the discussion of this paper, approxi- 
mately 9 per cent of the disappearing acetoacetate was converted into 
acetic acid. Thus about three-fourths of the acetoacetate metabolism of 
kidney extracts takes place by reactions which do not involve simple re- 
duction to 8-hydroxybutyrie acid or hydrolytic fission to acetic acid. It 
is presumed that acetoacetate not metabolized in either of these two ways 
is oxidized by way of the tricarboxylic acid cycle. By means of isotopic 
acetoacetate it was possible to demonstrate the conversion of acetoacetate 
to a-ketoglutarate in these extracts. 

Comparison of Acetate and Acetoacetate Disappearance—In Table II 
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is reported a comparison of the rates of metabolism of acetate and aceto- 
acetate in rabbit kidney extracts. It may be seen that ketone bodies are 
metabolized at about 3 times the rate that acetate is. If these results are 
expressed in terms of micromoles of acetate and ketone body carbon, 
approximately 6 times more ketone body carbon than acetate carbon dis- 





Taste I 
Effect of a-Ketoglutarate and Succinate on Acetoacetate Metabolism in Extracts of 
Rabbit Kidney 
1 ec. of phosphate extract (pH 7.6) plus 0.6 ec. of additions or a total of 1.6 ec. of 1 
solution containing 12.5 micromoles of acetoacetate, 1 mg. of magnesium plus a di- 
carboxylic acid in the quantity indicated; time of experiment, 60 minutes; oxygen 





gas. 
! | . 
Quantity of — 
Experiment No. Vessel No. Dicarboxylic acid added dicarboxylic a etancenes 
acid edied disappearance 





—— | 


micromoles micromoles | 


l 1 a-Ketoglutarate 27 11.8 

2 | Succinate 34 10.0 

2 1 None 3.9 

2 a-Ketoglutarate 2.7 4.9 

3 | “ 27.0 8.9 
TABLE II 

Comparison of Rate of Oxidation of Acetate and Acetoacetate by Extracts of Rabbit 

Kidney 


t cc. of phosphate-saline extract (pH 7.4) plus 4 cc. of additions or a total of 8 
ce. of solution containing 220 micromoles of a-ketoglutarate and either 56 micromoles 
of acetate (Vessel 1) or 53 micromoles of acetoacetate (Vessel 2); time of experiment, 


40 minutes; oxygen gas. 


Vessel No. | Metabolite measured Experiment 1 Experiment 2 
micromoles micromoles 
1 Acetate disappearance 10 6 
2 | Acetoacetate disappearance 30.2 29.2 
| 8-Hydroxybutyrate formation 5.6 5.6 
Ketone body disappearance 24.6 23.6 


appeared. ‘These results then confirm those of earlier investigators who 
have shown that acetoacetate may be metabolized more rapidly than 
acetate by certain preparations of kidney tissue (9, 13, 5). , 

Metabolism of Isotopic Acetoacetate-——The problem whether acetate is an | 
intermediate in acetoacetate oxidation has been approached more directly ) 
by the use of acetoacetate labeled in the carboxyl and carbonyl! positions ; 
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with C™. In the experiment reported in Table III isotopic acetoacetate 
was incubated with kidney extracts along with non-isotopic acetate and 
a-ketoglutarate. At the conclusion of the experiment the latter two com- 
pounds were isolated. Acetic acid contained 0.11 atom per cent excess 
C® and the succinic acid formed by the oxidation of a-ketoglutaric acid 
2,4-dinitrophenylhydrazone contained 0.27 atom per cent excess C™. 
Thus, the concentration of C'* was about 2.5 times greater in the succinate 
than in the acetate. A better analysis of these data, however, comes from 
a comparison of the C™ concentration of the carboxyl carbons of these 
compounds. In a previous communication (2) certain conclusions have 
been drawn concerning the distribution of C" in a-ketoglutarate formed by 
tissues during the metabolism of isotopic acetoacetate labeled in the 


Tase III 
Metabolism of Isotopic Acetoacetate in Extracts of Rabbit Kidney 


12.5 ec. of phosphate extract (pH 7.6) plus 12.5 ec. of additions or a total of 25 
ec. of solution containing 0.18 mm of acetoacetate; time of experiment, 40 minutes; 
oxygen gas. 


C4 concentration 
(atoms per cent excess) 


} 


i ' 
Substance added | Amount added ant. sscitigindaainatdinaamsadiaaintes aaa 
Substance | Substance 
ed isolated 
| mu | mM 

Acetoacetate control 0.18 0.103 3.80 

Acetate 0.63 0.00 0.11 

a-Ketoglutarate 0.34 0.00 | 0.27* 


* This value represents the C™ concentration of succinic acid produced by oxi- 
dation with acid permanganate of the isolated a-ketoglutaric acid 2,4-dinitropheny]- 
hydrazone. 


carboxyl and carbonyl positions. It is known that the 4 carbon atoms of 
a-ketoglutarate which yield succinic acid upon acid permanganate oxidation 
contain most of the C™ of the a-ketoglutaric acid molecule. It is further 
believed that all of the isotope of this succinic acid fraction is present in 
1 carboxyl carbon only and that this carboxyl carbon is derived from the 
y-carboxyl carbon of a-ketoglutaric acid. The C™ concentration of the 
y-carboxy! carbon of the a-ketoglutaric acid is thus probably 4 times that 
of the 4 carbon atoms of succinic acid or 1.08 atoms per cent excess C™. 
Likewise, acetate produced from isotopic acetoacetate labeled in the 
carboxyl and carbonyl positions should contain C™ in the carboxyl carbon 
only. The C™ concentration of this carbon atom of acetate isolated at the 
conclusion of the experiment in Table III is then 2 X 0.11 or 0.22 atom per 
cent C%. It is thus seen that the C™ concentration in the y-carboxyl 
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carbon of a-ketoglutaric acid is 5 times greater than that of the carboxyl 
carbon of acetate. 


DISCUSSION 


Although it is recognized that acetate is closely related to an important 
intermediate of both fat and carbohydrate metabolism, it is generally 
believed that some active form of acetate is the actual intermed.ate of 
this metabolism. Before we continued further investigations on inter- 
mediates of acetoacetate metabolism, however, it seemed advisable to 
ascertain the réle which acetate might play in these reactions. Since the 
presence of cell membranes may interfere with the interpretations of ex- 
perimental data, a crude cell-free extract of kidney was prepared which 
was capable of metabolizing acetoacetate at a relatively rapid rate. This 
extract also metabolized acetate but at a much slower rate than aceto- 
acetate. This difference in the rate of metabolism of acetate and aceto- 
acetate is contributory but not conclusive evidence that acetate is not an 
intermediate in the oxidation of the latter. It is known, for example, 
that the concentration of substrates may play an important part in the 
rate of their metabolism and it is possible that optimal conditions for 
acetate metabolism have not been used in these experiments. Further- 
more, there is no conclusive evidence that acetate and acetoacetate metab- 
olism in this extract may be accounted for solely by oxidative reactions 
of the tricarboxylic acid cycle. 

The experiment with isotopic acetoacetate avoids these possible criti- 
cisms, however. When isotopic acetoacetate is metabolized by cell-free 
extracts in the presence of large amounts of non-isotopic acetate and 
a-ketoglutarate, the acetate isolated at the conclusion of the experiment 
should contain a higher C™ concentration than a-ketoglutarate if it is an 
intermediate of acetoacetate oxidation via the tricarboxylic acid cycle. 
Such, however, was not the case. In all probability the y-carboxyl of 
a-ketoglutarate contained a C“ concentration 5 times greater than that of 
the carboxyl carbon of acetate. Although acetate is thus not a direct 
intermediate in acetoacetate oxidation, some may be formed during the 
metabolism of this latter compound. Since, as is shown in separate ex- 
periments (Table II), the concentration of added acetate remains rela- 
tively constant during the experiments with kidney extracts, it is possible 
to calculate the amount of acetoacetate converted to acetate. In the iso- 
topic experiment reported in Table III, 0.103 mm of isotopic acetoacetate 
containing 3.80 atoms per cent excess C was metabolized. 0.63 mm of 
acetate was present at the beginning of the experiment and, in view of the 
experiments reported in Table II, it is unlikely that this concentration 
changed materially. The concentration of C“ in the acetate at the con- 
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cyl clusion of the experiment was 0.11 atom per cent C¥. The quantity of 
acetoacetate converted to acetate is thus (0.63 X 0.11)/(2 X 3.80) = 
0.0091 mma of acetoacetate. This is equal to 8.8 per cent of the total 
acetoacetate which disappeared during the experiment. Lehninger (6), 





5 SOS Sone 
= 





int who has previously reported the enzymatic splitting of acetoacetate to t 
lly acetate by kidney extracts, found that acetate formation accounted for ny 
of approximately 25 per cent of the acetoacetate disappearance in this prepara- 1 
er- tion. His experiments were done, however, in the absence of a-keto- 
to glutarate, a substance which might possibly divert the metabolism of ; 
he acetoacetate to oxidative channels and thus reduce the amount of acetate : 
oX- formed by purely hydrolytic processes. A 
ch Thus, if the fission of acetoacetate into a 2-carbon compound takes ; 
is place during the initial steps of its oxidative reactions, this 2-carbon inter- f 
0- mediate may possibly resemble acetate in chemical constitution but 
:0- probably is not acetate itself. The small amount of isotopic acetate “i 
an formed from acetoacetate may result from a side reaction between acetate H 
le, and some active 2-carbon intermediate of acetoacetate oxidation. : 
he i 
or We wish to thank Dr. Sidney Weinhouse of the Houdry Process Corpora- 
or tion and the Department of Physics of the University of Pennsylvania for a 
b- the isotopic analyses. We wish to thank the American Cancer Society 4 
ns for financial assistance. | 
ti- SUMMARY 

ee Extracts of rabbit kidney have been prepared which are capable of 

nd oxidizing acetoacetate and, to a much less extent, acetate. The rate of 

nt acetoacetate oxidation may be considerably increased by the addition of 

an a-ketoglutarate but no catalytic effect of a-ketoglutarate on acetoacetate 

le. oxidation could be observed. Citrate is also readily metabolized by this 

of extract. 

of | When isotopic acetoacetate is incubated aerobically with non-isotopic 

ct acetate and a-ketoglutarate in rabbit kidney extract, the acetate isolated 

he at the conclusion of the experiment contained much less C™ than did the 

X- a-ketoglutarate. These data indicate that acetate is not a direct inter- 

‘a- mediate in the oxidative utilization of acetoacetate via the tricarboxylic 

le acid cycle. 

0- 

te BIBLIOGRAPHY 

of 


1. Buchanan, J. M., Sakami, W., Gurin, S., and Wilson, D. W., J. Biol. Chem., 157, 
he 747 (1945). 
In 2. Buchanan, J. M., Sakami, W., Gurin, 8., and Wilson, D. W., J. Biol. Chem., 
n- 159, 695 (1945). 








410 OXIDATION OF ISOTOPIC ACETOACETATE 





' 
3. Weinhouse, S., Medes, G., Floyd, N. F., and Noda, L., J. Biol. Chem., 161, 745 
(1945). 
4. Medes, G., Weinhouse, S., and Floyd, N. F., J. Biol. Chem., 157, 751 (1945). 
5. Medes, G., Floyd, N. F., and Weinhouse, 8., J. Biol. Chem., 162, 1 (1946). 
6. Lehninger, A. L., J. Biol. Chem., 143, 147 (1942). 
7. Buchanan, J. M., Sakami, W., Gurin, 8., and Wilson, D. W., Federation Proc. 
5, 126 (1946). 
8. Pucher, G. W., Sherman, C. C., and Vickery, H. B., J. Biol. Chem., 113, 235 (1936). 
9. Hunter, F. E., and Leloir, L. F., J. Biol. Chem., 159, 295 (1945). 
10. Edson, N. L., Biochem. J., 29, 2082 (1935). 
11. Weichselbaum, T. E., and Somogyi, M., J. Biol. Chem., 140, 5 (1941) 
12. Friedemann, T. E., J. Biol. Chem., 123, 161 (1938). 
13. Wieland, H., and Rosenthal, C., Ann. Chem., 554, 241 (1943). 
I 
i 
¢ 
€ 
] 
b 
a 
a 
3 
n 
| t 
il 
| ¢: 
‘ ; ou 
P 
tl 
h 
tl 
al 
Cé 
in 
cc 
be 
ca 
wi 
2- 
th 
re. 
* 














A STUDY OF THE MECHANISM OF FATTY ACID 
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The recent study by Weinhouse, Medes, and Floyd (1) of the oxidation 
of earboxyl-labeled fatty acids to acetoacetate by rat liver slices has 
rendered support to MacKay’s theory of 8 oxidation-condensation. These 
investigators have found that acetoacetate formed from the oxidation of 
carboxyl-labeled octanoic acid contained isotopic carbon distributed 
equally in the carboxyl and carbonyl carbon atoms. The hypothesis of 
MacKay and his coworkers (2, 3) that fatty acids are oxidized by successive 
8 oxidation to 2-carbon fragments which condense randomly to form aceto- 
acetate would predict such an equal distribution of C'* between the carboxyl 
and carbonyl carbons of acetoacetate formed from carboxy] octanoate. 
Acetoacetate produced from carboxyl-tagged octanoate by a process of 
multiple alternate oxidation should theoretically contain isotope only in 
the carboxy! position. 

Although the experiments of Weinhouse e/ al. (1) may best be interpreted 
in terms of the theory of successive 8 oxidation plus condensation of 2- 
carbon fragments, it has also been recognized that there are alternate 
mechanisms of fatty acid oxidation which might possibly explain the 
appearance of C™ in the carbonyl position of acetoacetate formed during 
the oxidation of carboxyl isotopic octanoate (4, 5). One such alternate 
hypothesis is that carboxyl-labeled octanoate is oxidized in liver slices by 
the process of multiple alternate oxidation with the formation of equal 
amounts of non-isotopic acetoacetate and acetoacetate labeled in the 
carboxyl carbon only. If this latter species should break down rapidly 
into 2-carbon fragments which recondense, acetoacetate might be formed, 
containing C'® equally in the carboxyl and carbonyl positions. Although 
both hypotheses explain the appearance of C™ in both the carboxyl and 
carbonyl position, the reaction by which this distribution takes place 
would be fundamentally different. In the first theory the formation of a 
2-carbon fragment is an integral part of the oxidation process; in the second 
theory the formation of a 2-carbon compound would result from a side 
reaction of acetoacetate. In order to determine whether acetoacetate 


* Present address, Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio. 
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can break down into 2-carbon fragments which recondense, two types of 
isotopic acetoacetate have been synthesized, namely CH;C“OCH:.COOH 
and CH;COCH.C“OOH, and incubated with rat liver slices. The results 
of these experiments follow. 


EXPERIMENTAL 


Organic Syntheses—The two types of isotopically marked acetoacetate 
were prepared according to procedures described by Sakami, Evans, 
and Gurin (6). These procedures consisted of standard organic reactions 
modified for the synthesis of isotopic compounds in small quantities, 
Acetoacetate labeled in the carbonyl position was made from carboxyl 
isotopic methyl acetate and non-isotopic ethyl bromoacetate (7), 
Carboxyl-labeled acetoacetate was likewise synthesized from non-isotopiec 
methyl acetate and carboxyl isotopic ethyl bromoacetate. This latter 
compound was prepared by a modification of the procedure of Auers and 
Bernhardi (8). 

Incubation of Tissues—Experiments with rat liver slices were carried out 
under conditions similar to those described by Weinhouse, Medes, and 
Floyd (1). Approximately 4 gm. of rat liver slices were incubated with 
an isotopic substrate in 40 cc. of solution aerobically for 2 hours. At the 
conclusion of the experiment, samples were removed for the determination 
of acetoacetate (9) and, in some experiments, 8-hydroxybutyric acid (10). 
The remainder was then divided into two parts. One part was acidified 
with sulfuric acid and the acetone formed from the acetoacetate upon 
heating was steam-distilled into a solution of Denigés’ reagent and precipi- 
tated as the mercury complex. The other part of the incubation solution 
was acidified with citric acid and any CO: thus liberated was removed by 
aeration of the solution with CO,-free air. Thereupon aniline citrate 
was added and CQ, produced by the breakdown of acetoacetate was col- 
lected in barium hydroxide. Isotopic analysis of this barium carbonate 
for C'® is then a measure of the C“ concentration of the carboxyl carbon 
of the acetoacetate. The C"™ concentration of the isolated mercury- 
acetone complex when multiplied by 3 is equal to the C concentration 
of the carbonyl carbon of acetoacetate. Weinhouse et al. (1) have demon- 
strated that all of the C'* found in acetoacetate formed from carboxyl 
isotopic octanoate is present in the carboxyl and carbonyl carbons and none 
in the remaining 2 carbon atoms. All results are expressed in terms 
of atoms per cent excess C™. 


Results 


Experiments with Isotopic Acetoacetate—Three experiments, one with 
carbonyl-labeled acetoacetate and two with carboxyl-labeled acetoacetate, 
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are included in Table I. In each experiment the initial and final amounts 
of acetoacetate present in the reaction vessel were measured and are re- 
corded. In Experiment 3, Table I, 8-hydroxybutyric acid was also 
measured at the conclusion of the experiment and it was thus possible to 
calculate the quantity of total ketones formed. 

Measurement was made of the C™ concentration of the carboxyl and 
carbonyl carbons of acetoacetate at the beginning and end of each experi- 
ment. Within the limit of experimental error no evidence could be found 
to indicate that acetoacetate had split into 2-carbon fragments which 
could randomly recondense, forming acetoacetate again. In Experiment 1 
with carbonyl-labeled acetoacetate the concentration of C™ in the carboxyl 
carbon (0.00 atom per cent excess) did not significantly change during the 


TaBLe I 
Experiments with Carbonyl- and Carboryl-Labeled Acetoacetate on Rat Liver Slices 





Carbonyl-labeled | Carboxyl-labeled acetoacetate 




















acetoacetate 
Experiment 1 Experiment 2 Experiment 3 
es om C per cent mM jou per cent mM C13 per cent 
excess | CXLESS EXCESS 
Acetoacetate (initial) | 0.130 0.130 | 0.084 
Carboxyl carbon / 0.00 | 2.07 2.07 
Carbonyl ‘“ | 1.20 0.39 0.39 
Acetoacetate (final) | 0.148 | 0.129 
Carboxyl carbon | 0.02 1.38 Lost 
Carbonyl ‘“ 0.78 0.30 
Total ketones 0.150 








experiment. ‘The concentration of C™ in the carbonyl position decreased 
from 1.20 to 0.78 atoms per cent excess, but this probably is due to dilution 
of isotopic acetoacetate by non-isotopic acetoacetate formed from endoge- 
nous sources of the liver slice. The carboxyl-labeled acetoacetate used 
in Experiments 2 and 3 (Table I) contained a relatively small amount of 
isotope also in the carbonyl carbon. This appearance of isotope in the 
carbonyl carbon results from the self-condensation of isotopic ethyl bromo- 
acetate when conditions for the synthesis of carboxyl-labeled acetoacetate 
are not strictly observed. The concentration of C“ in the carbonyl carbon 
was only 19 per cent of that in the carboxyl carbon and hence did not inter- 
fere materially with the metabolic experiments. [If in liver slices there 
had been redistribution of isotope between the carboxyl and carbonyl 
carbons, the ratio of isotope in these 2 carbon atoms should have decreased 
from the original ratio of 5.3 and approached the ratio of 1 as complete 
redistribution was reached. In Experiment 2 the ratio of C™ in the 
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carboxyl and carbonyl carbons was 1.33/0.24 or 5.5. Both atoms had 
been diluted by non-isotopic acetoacetate formed from non-isotopic metab- 
olites, but this dilution was the same for either carbon atom. In Experi- 
ment 3 a comparison was made of the total ketone bodies formed and the 
degree of dilution of C™ of acetoacetate during the experiment, 
Unfortunately the sample of CO, representing the carboxyl carbon of the 
final acetoacetate was lost. There is, however, roughly a proportionality 
between the dilution of C'’ in the carbonyl carbon and the production of 
ketone bodies by the liver slice. An accurate comparison of this kind 
cannot be made from values of the carbonyl carbon, since the absolute 
error in the determination of C™ in low concentrations (7.¢c. 0.10 atom 
per cent excess) is relatively great. Experiments with both types of aceto- 


TABLE II 


Experiments with Carboryl-Labeled Octanoate on Rat Liver Slices 








Experiment 1 Experiment 2 
mu C8 per cent mM C™ per cent 
excess excess 

Octanoate (initial) 0.400 0.400 

Carboxyl carbon 7.68 7.68 
Acetoacetate (initial) 0.107 0.100 

Carboxyl carbon 0.00 0.00 

Carbonyl ‘“ 0.00 0.00 
Acetoacetate (final) 0.110 0.175 

Carboxyl carbon 0.91 0.98 

Carbonyl 0.63 0.60 
Total ketones 0.150 


acetate are in agreement. In neither case could evidence be found that 
in liver slices there is a measurable splitting of acetoacetate into 2-carbon 
fragments which randomly recondense.' 

Experiments with Carboxyl Isotopic Octanoate-——-In Table II are recorded 
the data of two experiments in which carboxyl isotopic octanoate and 
non-isotopic acetoacetate were incubated together with liver slices aer- 
obically for 2hours. Non-isotopic acetoacetate was added at the beginning 
of the incubation in order to simulate as nearly as possible the conditions 
of the experiments with isotopic acetoacetate reported above. It was 
felt that in all experiments the average concentration of acetoacetate 
during the 2 hour incubation period should be approximately the same in 


! Although no evidence could be found for the redistribution of isotope between 
the carboxy! and carbony! carbons of acetoacetate when liver slices were incubated 
with either of the two types of isotopic acetoacetate, preliminary experiments have 
indicated that this reaction may take place in rat kidney slices to a significant extent 
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order to compare the results of the experiments with isotopic octanoate 
and isotopic acetoacetate. Aside from the inclusion of non-isotopic 
acetoacetate in the incubating medium, the conditions of our experiments 
with isotopic octanoate were identical with those of Weinhouse et al. (1). 
In contrast to the experiments of these latter investigators we did not 
obtain equal amcunts of C™ in the carbonyl and carboxyl carbon atoms 
of acetoacetate derived from carboxy] isotopic octanoate. In our experi- 
ments the carboxyl carbon contained on an average 0.94 atom per cent 
excess C''’, while the carbonyl carbon contained 0.62. Although differing 
perhaps in quantitative aspects, our experiments with octanoate confirm 
those of Weinhouse et al. which demonstrated that the carboxyl carbon of 
octanoate is an important precursor of both the carboxyl and carbonyl 
carbons of acetoacetate in rat liver slices. 
DISCUSSION 

The experiments reported with isotopic octanoate and acetoacetate 
in rat liver slices have demonstrated that the isotope appearing in the 
carbonyl! position of acetoacetate formed from carboxyl isotopic octanoate 
does not arise by a preliminary formation of carboxyl isotopic acetoacetate 
and a secondary splitting of this compound into 2-carbon fragments which 
recondense randomly to form the carboxyl- and carbonyl-labeled aceto- 
acetate. On the contrary, these data might favor the point of view that 
2-carbon fragments are split off from fatty acids and, failing to be oxidized, 
are condensed into acetoacetate. This conclusion has been indicated not 
only by the experiments of MacKay et al. (2, 3) and Weinhouse et al. (1) 
but also by those of Lehninger (11). Lehninger has shown that washed 
liver particles treated with malonate may oxidize octanoate or pyruvate, 
with the quantitative formation of acetoacetate. Upon addition of fumarate 
to this system the formation of acetoacetate was reduced and there was an 
increase in citrate formation when compared to suitable controls. It was 
furthermore found that acetoacetate could not be oxidized by this enzyme 
system either in the presence or absence of fumarate. Lehninger has 
interpreted these data as indicating that acetoacetate is not the condensing 
agent in citrate formation but rather some 2-carbon compound derived 
from the oxidation of octanoate or pyruvate. 

The experiments of the above investigators thus emphasize the metabolic 
inertness of acetoacetate in liver tissue and indirectly support the point 
of view that 2-carbon fragments are the metabolically active products of 
fatty acid catabolism. Although, this point of view may be at present 
favored over others, it must be accepted with some reservation until more 
direct evidence is available describing the exact chemical composition and 
metabolic réle of this 2-carbon intermediate and until other possible 





416 MECHANISM OF FATTY ACID OXIDATION 


reaction products of fat oxidation are investigated. It is possible, for 
example, that not acetoacetate but some active form of acetoacetate is 
the immediate product of fatty acid catabolism. Thus the experiments 
of Lehninger could be explained by assuming that an activated acetoacetate 
rather than a 2-carbon compound plays the central réle in the oxidation 
of pyruvate and octanoate and in the formation of citrate from the meta- 
bolic products of these substances in liver tissue. Likewise, the appearance 
of C* in the carbonyl carbon of acetoacetate formed from carboxy] isotopie 
octanoate may result from preliminary formation of activated acetoacetate 
isotopic in the carboxyl position and from a secondary splitting. of this 
latter compound into 2-carbon fragments which recondense randomly, 

As has been pointed out recently by Stadie (4), the experiments of Wein- 
house ef al. (1), although clearly demonstrating the formation of 2-carbon 
intermediates in liver tissue, do not necessarily define the mechanism of the 
reactions whereby this 2-carbon compound is formed from octanoic acid. 
Stadie (4) has proposed, for example, that ‘“‘whenever oxidation is initiated 
on a given fatty acid molecule it proceeds practically instantaneously at 
alternate carbons along the entire chain to complete disruption into ... 
two carbon units which are at once reassembled into ketones.’ This 
hypothesis sponsored by Stadie then differs from that proposed originally 
by MacKay by utilizing the theory of multiple alternate oxidation as the 
mechanism of formation of a 2-carbon compound rather than the theory 
of successive 8 oxidation. According to the theory of successive 8 oxi- 
dation, cleavage of the carbon to carbon bond at the 8-carbon atom must 
precede the oxidation at the next 8-carbon atom. It would thus be 
expected that when the 2-carbon units are reassembled into ketone bodies 
the C* concentration of the carbonyl and carboxy! carbons of acetoacetate 
derived from carboxyl isotopic fatty acids would be equal. Medes, 
Weinhouse, and Floyd (12) have demonstrated that when carboxyl- 
labeled butyric acid is oxidized to ketone bodies in liver tissue there is a 
greater concentration of C'’ in the carboxyl carbon than in the carbonyl 
varbon of acetoacetate. They have calculated from their data that 30 
per cent of the butyric acid converted to acetoacetate did not undergo 
fission into a 2-carbon intermediate but was oxidized directly. Since 
acetoacetate itself does not undergo splitting in liver tissue, it seems quite 
possible that a 4-carbon intermediate of butyrate metabolism exists which 
may be either split into 2-carbon fragments or directly converted into the 
inactive acetoacetate. The fission of the 4-carbon chain of butyric acid is 
thus not a compulsory step in its conyersion to acetoacetate but may 
result as a side reaction of some intermediate of butyrate oxidation. 
Although no direct evidence is available for such an assumption, it is also 
possible that in the oxidation of longer chain fatty acids fission of the 
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carbon to carbon linkage at the 8-carbon may not be a compulsory step 
before further activation, oxidation, and cleavage of the carbon to carbon 
bond at other places along the molecule occur. Evidence presented in 
this paper might favor this possibility. As previously mentioned, Wein- 
house ef al. obtained equal concentrations of C* in the carboxyl and 
carbonyl carbons of acetoacetate formed from carboxyl isotopic octanoate 
in liver slices. In our own experiments with octanoate and liver slices, 
however, the acetoacetate isolated at the conclusion of the experiment 
contained a significantly greater concentration of C™ in the carboxyl 
carbon than in the carbonyl carbon. From the data in Table II, it may be 
calculated? that 20 per cent of the final acetoacetate contained isotope in the 
carboxyl position only, whereas 80 per cent contained isotope in both 
carboxy! and carbonyl positions. This might indicate that 80 per cent of 
the newly formed acetoacetate arose by reactions which involved a 2-car- 
bon compound and that 20 per cent did not. Although these experiments 
are admittedly neither direct nor conclusive evidence that multiple alternate 
oxidation exists, they might receive that interpretation. 

It would thus seem from experiments reported to date that the formation 
of a 2-carbon intermediate plays an important réle in fatty acid catabolism 
to acetoacetate. The initial reactions involved in the further breakdown 
of acetoacetate and the exact mechanism of disintegration of fatty acids 
into acetoacetate are, however, open to further investigation. 


The authors wish to thank Dr. Sidney Weinhouse, Houdry Process 
Corporation, Marcus Hook, Pennsylvania, and the Department of Physics, 
University of Pennsylvania, for the isotopic analyses reported. They 
also thank the American Cancer Society for financial support. 


SUMMARY 


A study of the metabolism of fatty acids and ketone bodies in liver 
tissue has been made with the use of carboxyl isotopic octanoic acid and 
acetoacetate labled either in the carbonyl or carboxyl position. It has 
been found that acetoacetate is not split to a measurable extent into 
2-carbon fragments which recondense randomly into acetoacetate again. 
The results of the experiments with isotopic acetoacetate differ in some 
respects from previous experiments of others concerning the oxidation of 
carboxyl isotopic octanoate to acetoacetate. From the experiments 
reported in the present paper the conclusion is reached that the appearance 
of isotope in the carbonyl carbon of acetoacetate during the metabolism 
of carboxyl isotopic octanoate in liver slices does not result from a pre- 


*The method of making the above calculation and the assumptions involved 
therein may be found in a paper by Medes et al. (12). 
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liminary formation of carboxyl isotopic acetoacetate and a secondary 
splitting of this isotopic species into 2-carbon fragments which recondense 
randomly to form acetoacetate labeled in both carbonyl and carboxy] 
positions. 
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In connection with investigations under way in this laboratory con- 
cerning the metabolism of compounds containing methyl groups, it was 
desired to prepare methionine in which the methyl group was labeled 
with C'’. Methionine labeled with deuterium in the methyl group has 
been used by du Vigneaud and coworkers (1,2) in studies of transmethy- 
lation. The extremely sensitive methods available for the detection 
of radioisotopes indicated that methionine containing the methyl group 
labeled with radiocarbon might make possible an amplification and ex- 
tension of the results obtained with the deuterio compound. 

The synfhesis of the desired compound involves essentially a satisfactory 
synthesis of the correspondingly labeled methyl iodide, since methionine 
can be conveniently prepared by the condensation of methyl iodide with 
the sodium derivative of homocysteine in liquid ammonia (3). The syn- 
thesis of methyl iodide from the radioactive barium carbonate available 
as starting material was accomplished by the following series of reactions. 


+ KOH (CH,0),S0, 
———-“— 


H: 
BaC*O, ~ — C*O0, — KHC*O, — HC*OOK 
( 


HI 
— C*H,OH + CH,OH ——— C*H;I + CH,;I 


H, 
HC*OOCHS, - ss 
CuO0CrO; 


Yields of compounds in each of the above steps were in the range, 90 
to 100 per cent. The over-all yield of radiocarbon, from barium carbonate 
to methionine, was 50 per cent. The 2-fold dilution of radioactivity 
inherent in the method was not considered disadvantageous in the present 
work, since a 10-fold dilution of the original radioactivity was desired 
in the final product. The conversion of barium carbonate to potassium 
formate was carried out without dilution of the radioactive barium car- 
bonate, on a 0.77 mm scale. The radioactive potassium formate was 
then diluted 5-fold with ordinary potassium formate and the diluted ma- 
terial was carried through the remaining steps. 

It is obvious that the radioactive intermediates produced in this series 

419 
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of reactions are of value in syntheses of other compounds containing isotopic 
carbon. 

A series of reactions similar to those shown above has been used by 
Harman, Stewart, and Ruben (4) for the incorporation of short lived radio- 
carbon C" into methyl iodide. In the procedure used by these authors, 
isotopic carbon dioxide was reduced to formate enzymatically by means 
of Bacterrum coli. The formic acid was esterified by treatment with methy] 
alcohol and sulfuric acid, and then purified by fractional distillation, 
Yields in the carbon dioxide reduction step were not reported. 

Direct catalytic reduction of carbon dioxide to inethanol at approx- 
imately 400 atmospheres of pressure has been reported (5), but the ap- 
plicability of the method to small scale work was not investigated by 
us because equipment for lower pressures was more readily accessible! 

In the work reported herein, carbon dioxide was liberated from the 
sample of radioactive barium carbonate by treatment with perchloric 
acid (6), and was then absorbed by an amount of potassium hydroxide 
solution sufficient to provide a slight excess over that required to form 
potassium bicarbonate. The small amount of unabsorbed carbon dioxide 
was recovered as barium carbonate. The bicarbonate solution, adjusted 
to the correct pH, was reduced by the method of Bredig and Carter (7). 
These authors obtained a 75 per cent yield of formate by the reduction 
of potassium bicarbonate at 60 atmospheres of hydrogen pressure. We 
found that at a pressure of approximately 100 atmospheres a sample of 
potassium bicarbonate yielded 98 to 99 per cent of the theoretical amount 
of formic acid. Formic acid was determined by the reduction of mercurie 
chloride to mercurous chloride (8). In an experiment in which non-isotopie 
barium carbonate was converted to potassium bicarbonate and then to 
potassium formate, the over-all yield of formate determined by the above 
method was 94 per cent. 

Direct esterification of potassium formate was carried out with methyl 
sulfate by the method of Graebe (9). This procedure has been used to 
obtain practically quantitative yields in the esterification of isotopic potas- 
sium acetate (6).- It appeared to work equally well in the preparation 
of methyl formate. In a preliminar? experiment, a sample of methyl 
formate so prepared from non-isotopic potassium formate possessed a 
refractive index (n&* = 1.3508) identical with that obtained for a sample 
of redistilled methyl formate. 


1A synthesis of methyl iodide containing C™, involving the direct reduction of 
carbon dioxide to methanol at high pressures, has been recently reported (Tolbert, 
B. M., in preliminary abstracts of a symposium on isotopes sponsored by the Com- 
mittee on Growth of the National Reseach Council, University of Chicago, March 3 
and 4, 1947; see also J. Am. Chem. Soc., 69, 1529 (1947)). 
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The reduction of methyl formate to methanol was carried out at at- 
mospheric pressure with copper chromite catalyst, as deseribed by Harman, 
Stewart, and Ruben (4). When a sample of ordinary methyl formate 
was carried through this procedure, practically complete reduction to 


: ‘wel Sry ean 
methanol occurred, as evidenced by a refractive index of n> = 1.3292 
for the condensed vapors from the reduction reaction, compared with 
n°” = 1.3288 observed for a purified sample of methanol. 


In the reduction of the methyl formate labeled with radiocarbon the 
methanol was not collected; the vapors were instead passed directly into 
boiling hydriodie acid, as described by Harman, Stewart, and Ruben. 
The methyl iodide vapors from this step were purified, dried, and con- 
densed. In a preliminary experiment, a sample of non-isotopice potassium 
formate was converted by the above procedure to methyl iodide with a 
refractive index (n$° = 1.5421) identical with that of a sample of purified 
methyl iodide. In another experiment the over-all yield of methyl iodide 
from 326 mg. of potassium formate was determined by conversion of the 
methyl iodide to its solid derivative, tetramethylammonium iodide, and 
was found to be 83 per cent. 

Ordinarily, in the conversion of methyl iodide to methionine by con- 
densation with the sodium derivative of homocysteine in liquid ammonia, 
a slight excess of methy! iodide is used. To minimize losses of radiocarbon 
in this step, it was considered advisable to use a slight excess of benzyl- 
homocysteine. However, difficulty was experienced in obtaining pure 
methionine by this procedure. The reaction was therefore carried out 
by the use of a slight excess of benzylhomocysteine, the addition of the 
radioactive methyl! iodide to the reduced compound, and then the addition 
of a small amount of non-isotopic methyl iodide to react with the excess 
homocysteine. The radioactive L-methionine obtained by this procedure 
was analytically and optically pure after one crystallization. 

EXPERIMENTAL 

All reactions involving radioactive gases or volatile liquids were carried 
out in a hood, 

Potassium Bicarbonate 151.7 mg. of barium carbonate, containing ap- 
proximately 0.94 millicurie of C' (purchased from the Clinton Laboratories 
of the Monsanto Chemical Company ), were placed in the reaction chamber 
(A) of the apparatus illustrated in Fig. 1. The separatory funnel con- 
tained 10 ml. of 40 per cent perchloric acid (6). Inside trap B was placed 
a glass test-tube, 18 & 180 mm., the side of which carried a small vent-hole 
60 to 70 mm. from the bottom. In this tube, which was used later as the 
glass liner for the hydrogenation bomb, was placed 1.0 ml. of 0.832 N potas- 
sium hydroxide solution. The trap and contents were cooled in a dry 
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ice-cellosolve mixture, and the apparatus was flushed out with a stream 
of carbon dioxide-free nitrogen gas. The alkali trap was then cooled in 
liquid nitrogen, and the perchloric acid solution was added dropwise to 
the barium carbonate, with a slow stream of nitrogen passing through the 
apparatus. After 45 minutes the stop-cock connecting the trap and 
separatory funnel was closed, the trap was evacuated by means of an oil 
pump to | or 2 mm. pressure, and the second stop-cock was closed. The 
evacuated trap was allowed to stand at room temperature for 24 hours. 

The contents of the trap were refrozen by means of a dry ice-cellosolve 
mixture, and a small amount of carbon dioxide gas remaining in the trap 
was flushed out by means of a stream of nitrogen gas, and collected in a 
scrubber containing barium hydroxide. ‘To the frozen solution in the trap 
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Fie. 1. Apparatus for the conversion of barium carbonate to potassium bicar 


bonate; one-eighth actual size. 


were added 2 to 3 ml. of an aqueous suspension containing 50 to 100 mg. 
of freshly prepared palladium black catalyst, and this mixture was allowed 
to freeze as a layer above the carbonate-bicarbonate solution. ‘The test- 
tube containing the frozen mixture was removed from the trap and sealed 
off at the top. The liquid was allowed to melt, a drop of phenolphthalein 
solution was added through the side vent-hole, and 0.1 N sulfuric aeid 
was added until the solution was only faintly pink. 

Potassium Formate--The tube containing the potassium bicarbonate 
and palladium black catalyst was placed in an Aminco high pressure hydro- 
genation bomb. The apparatus was filled with hydrogen at tank pressure 
(approximately 100 atmospheres) and heated at 70° with shaking for 24 


hours. The hydrogenation mixture was then filtered to remove the cat- 
alyst, the filtrate being collected in flask C of the apparatus illustrated in 
Fig. 2. To this solution were added 258 mg. of non-isotopic potassium 
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formate, and the solution was evaporated to a semisolid mass in a stream 
of hot, dry air. The material was dried further in vacuo over phosphorus 
pentoxide and powdered by means of a glass rod. 

Methyl Formete—To the dry, powdered potassium formate was added 
0.6 ml. of freshly distilled methyl sulfate in such a manner as to wet the 
ground glass joint of the flask, which was then attached to the apparatus, 
as shown in Fig. 2. The reaction flask was heated slowly over a period 
of 2 hours to a temperature of 185°, by means of an oil bath, with a slow 
stream of nitrogen passing through the apparatus. The methyl] formate 
was condensed in trap ), which was cooled in a dry ice-cellosolve mixture. 
The uncondensed gases were passed through a barium hydroxide serubber. 
The volume of methyl formate collected in the bottom of the trap was 
approximately 0.2 ml. 
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Fic. 2. Apparatus for the esterification of potassium formate; one-eighth 


actual size 


Methyl Todide —The apparatus illustrated in Fig. 3 was used for the 
reduction of the methyl formate to methanol and conversion of the me- 
thanol to methyl iodide. Tube E contained copper chromite catalyst 
supported on silica chips, prepared according to the directions of Harman, 
Stewart, and Ruben (4). Flask F contained 10 ml. of freshly distilled, 
constant boiling hydriodic acid, heated under a reflux by means of an oil 
bath held at 135°. In serubber G were placed 4 ml. of an aqueous sus- 
pension of red phosphorus, and tube Hf contained caleitum chloride. Trap 
J, in which the methyl iodide was collected, was cooled by a dry ice-cel- 
losolve mixture. The tube containing the catalyst (2) was heated by 
means of an electric furnace and was held at 160° during the reduction. 

The trap (D) containing the methy! formate was removed from its 
dry iee-cellosolve bath and attached to the reduction tube (2), as shown 
in Fig. 3. A slow stream of hydrogen was passed through the train. The 
methyl formate, which was allowed to warm to room temperature, slowly 
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evaporated in the stream of hydrogen and was carried into the catalyst 
chamber. The methyl formate evaporated completely within an hour; 
after an additional 30 minutes trap J containing the methyl iodide was 
disconnected. ‘The volume of methyl iodide in the trap was approximately 


0.37 ml. 
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Fic. 3. Apparatus for the conversion of methyl formate to methyl iodide; one 


eighth actual size 
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rig. 4 \pparatus for the preparation of methionine from methvl iodide; one 


eighth actual size 


L-.Methionine “The conversion of methyl iodide to methionine was 
carried out in the apparatus illustrated in Fig. 4. In flask L were placed 
1.55 gm. of dry, powdered S-benzyl-t-homocysteine (10). Dry liquid 
ammonia (30 ml.) was distilled into the flask, which was cooled in a dry ice- 
cellosolve mixture. Dry nitrogen was bubbled through the flask to effect 


more rapid dissolving of the solid. Sodium wire was added to the solution 
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in small amounts until the blue color due to excess sodium remained for 
several minutes after the last addition. Then the temperature of the bath 
surrounding the reaction flask was raised to —50°, the trap (J) containing 
the methyl iodide was attached, and a slow stream of nitrogen was passed 
through the apparatus. Trap K was cooled in a dry ice-cellosolve mixture 
to remove traces of moisture from the nitrogen used to sweep the methyl 
iodide in trap J into the reaction flask Z. The trap containing the methyl 
iodide was warmed to 50°. All the methyl iodide had evaporated within 
30 minutes. A nitroprusside test on a small sample of the reaction mixture 
was positive; so 0.025 ml. of non-isotopic methyl iodide was added to 
the reaction flask through the side arm. <A second 0.025 ml. addition was 
necessary before the nitroprusside test became negative. The liquid 
ammonia was then allowed to evaporate slowly, with a stream of nitrogen 
passing through the solution. 

The white, solid residue was dissolved in 15 to 20 ml. of water. Hy- 
driodie acid was added until the solution was acid to litmus but still alkaline 
to Congo red. Insoluble material was separated by filtration. The 
filtrate was concentrated in vacuo to 5 or 10 ml. and then heated to dissolve 
the crystalline material which had separated. To the hot solution 100 
ml. of boiling absolute ethanol were added. The mixture was kept at 
5° overnight. The silvery crystals of L-methionine were collected by 
filtration, washed with alcohol and ether, and dried. The yield was 860 
mg. The material melted with decomposition at 283°, a value identical 
with that observed for a pure sample of t-methionine. The optical rotation 
was [a]? = —7.75° (2 dm. tube, c = 0.95, in water). 


CsHy,O.NS. Calculated.? N 9.38, S 21.48 
(149.2) Found. ** 9.32, ** 21.70 


Radioactivity Measurements—In order to determine the over-all yield 
of radioactivity in the conversion of radioactive barium carbonate to 
methionine, samples of both the starting material and the final product 
were converted to carbon dioxide by appropriate methods. The carbon 
dioxide was absorbed in sodium hydroxide solutions, which were then 
made up to definite volumes. ‘To aliquots of these solutions was added 
enough sodium carbonate solution to yield about 50 mg. of barium car- 
bonate when the solutions were treated with barium chloride. The precipi- 
tation was carried out in hot solution in order to yield a more coarsely 
crystalline barium carbonate. The precipitates were filtered and collected 
by the method described by Henriques et al. (11) for the precipitation and 
collection of benzidine sulfate. In our method the precipitates covered 


2 The amount of C™ present does not significantly affect the analytical results. 
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an area of 2.32 sq. cm. on the paper disks, and therefore had thicknesses 
greater than 20 mg. per sq. cm. ‘The radioactivity measurements were 
made with the use of a thin mica window bell-shaped Geiger-Miiller counter 
(11) and a scaling circuit. After correction for background and variation 
in thickness of the samples (12, 13), it was found that 1.89 X 10-* mg. 
of the radioactive barium carbonate gave 485 counts per minute, while 
barium carbonate prepared from 1.93 X 10-? mg. of the radioactive me- 
thionine gave 451 counts per minute. The 151.7 mg. of barium carbonate 
used as the starting material accordingly represented 3.89 107 counts 
per minute, and the 860 mg. of methionine 2.01 10’ counts per minute. 
The over-all yield of radioactivity was therefore approximately 51 per 
cent. 
SUMMARY 


A synthesis of L-methionine containing radiocarbon (C%) in the methy] 
group has been described. Radioactive barium carbonate, the starting 
material, was converted to potassium bicarbonate, which was reduced 
in the presence of palladium black catalyst to potassium formate. Esteri- 
fication of the potassium formate was carried out with methyl sulfate. The 
methyl formate so obtained was reduced to methanol by means of a copper 
chromite catalyst. Methyl iodide, prepared by the treatment of the 
methanol with hydriodie acid, was condensed with the sodium derivative 
of homocysteine in liquid ammonia to yield methionine. 


The authors wish to express their appreciation to Miss Josephine E. 
Tietzman for the microanalyses reported in this paper. 
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Deficiencies of pteroylglutamic acid have been produced in various species 
by feeding purified diets. The signs of the deficiency in chicks were re- 
ported to include slow growth, a macrocytic hyperchromic anemia, reduc- 
tion in leucocytes and thrombocytes (1), and impaired feathering and 
pigmentation (2). The deficiency in rats was produced by adding sulfona- 
mides to a purified diet. The rats developed a syndrome which was marked 
by agranulocytosis, leucopenia, hypoplastic bone marrow, anemia, and 
slow growth, and which responded to pteroylglutamic acid (3). 

A synthetic product with “displacing” activity for pteroylglutamic acid 
was recently described (4) as “methylfolic acid,” prepared by allowing 
2,4,5-triamino-6-hydroxypyrimidine and p-aminobenzoyl-p-glutamic acid 
to react with 2,3-dibromobutyraldehyde as described by these laboratories 
(5). The product was found to antagonize the growth-promoting action 
of pteroylglutamic acid for Streptococcus faecalis R. 

In the present communication, results are described which had been 
obtained with a similar product previous to the appearance of the report 
by Martin and coworkers (4). The crude ‘“‘antagonist” was prepared by 
Dr. M. E. Hultquist and Dr. J. M. Smith, Jr., Caleo Chemical Division, 
American Cyanamid Company, by using p-aminobenzoyl-L-glutamic acid 
rather than the p compound in the reaction. The crude product was fed 
to weanling female albino rats which received a purified diet plus 1 per cent 
sulfasuxidine. The basal diet contained all the available crystalline B 
vitamins except pteroylglutamic acid. The preparation was found to 
accelerate and intensify the signs of pteroylglutamic acid deficiency in 
rats. The effect of the preparation was apparently completely prevented 
by addition of suitable amounts of pteroylglutamic acid to the diet. 


EXPERIMENTAL 
Preparation of Crude Antagonist—The reaction previously described (5) 
was used, except that a, 3-dibromobutyraldehyde was used rather than the 
corresponding dibromopropionaldehyde. The crude precipitate, hereafter 
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referred to as the “antagonist,” was separated with a filter aid and was 
dried without attempts at purification. 

Microbiological Effect—The antagonist was found to inhibit the growth- 
promoting effect of pteroylglutamic acid on Streptococcus faecalis R and 
Lactobacillus casei. The medium of Landy and Dicken (6) was modified 
so as to contain the same amino acid, purine, pyrimidine, and vitamin 


Taste | 
Effect of Antagonist and Pteroylglutamic Acid (PGA) on Growth of Streptococcus 
faecalis R and Lactobacillus casei 








Apparent minimum 








Orgasm «=| POApe Wel | femme | Growth | ee eh oem 
mum inhibition 
¥ optical density 
S. faecalis R None 0.02 | 

0.0025 0.40 
0.01 0.88 

| 0.01 0.1 0.37 
0.01 0.3 0.04 350 
0.1 0.5 0.30 

0.1 1.2 0.12 

| 0.1 2.0 0.04 20 

1.0 1.0 1.10 
1.0 3.0 0.66 
1.0 10 0.30 
1.0 30 0.14 30 

ml. 1N NaOH 
L. casei None 1.1 

0.0004 1.2 
0.002 9.4 
0.001 0.3 1.0 
0.001 1.0 1.6 1000 
0.001 3.0 0.5 
0.1 1.0 9.6 


supplements as were used by Teply and Elvehjem (7). ‘The growth periods 
for Streptococcus faecalis R were 16 hours and for Lactobacillus casei 70 
hours. The inhibition was reversible, and is illustrated by the data in 
Table I. 

Care of Animals—Weanling female albino rats of the Wistar strain were 
kept in cages with 4 inch mesh wire floors. The basal purified diet (Diet 
1) had the following composition: glucose (cerelose) 72 gm., washed casein 
(Labeo) 20 gm., salt mixture (8) 4 gm., corn oil (Mazola) plus vitamins 
A, D, and E 3 gm., succinylsulfathiazole 1 gm., choline chloride 0.1 gm., 
inositol 0.1 gm., niacinamide 5 mg., calcium pantothenate 5 mg., thiamine 
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hydrochloride 1 mg., riboflavin 1 mg., pyridoxine hydrochloride 1 mg., 
p-aminobenzoic acid 1 mg., 1-acetoxy-2-methyl-4-naphthyl sodium phos- 
phate 0.5 mg., biotin 0.02 mg. 3 gm. of the corn oil preparation contained 
vitamin A (acetate) 1500 U.S. P. units, vitamin D (delsterol) 200 A. O. 
A. C. chick units, mixed tocopherols 34 mg. Five rats were used in each 





group. 
TABLe II 
Effect of Antagonist and Pleroylglutamic Acid (PGA) on Growth of Rats Fed Diet 1 
Supplement Gain in weight 
ment N ial PGA per Antagonist > ad ; : 7 
kilo diet per kilo diet 2 wks. 4 wks. 6 wks | 8 wks. 
mt gm. gm. gm. gm. gm. 
| | 0 0 14 66 S85 
2 1.0 0 12 71 94 
3 0 1.0 3 29 . 
! 0.3 1.0 42 64 72 
§ 3.0 1.0 50 86 104 
6 30 1.0 49 82 112 
7 0 10 29 17 ? 
S 1.0 10 33 22 _ 
9 10 10 17 79 O4 
10 100 10 15 74 95 
2 1] 0 0 18 45 60 66 
12 1.0 0 25 4 C«s|CtéSzw 87 
13 0 10 17 6 7 ¥ 
14 1.0 10 24 33 t Tt 
15 10 10 22 47 65 79 


16 100 10 28 57 83 92 


* All animals dead. 
+t Animals removed for recovery experiment. 


Results 


Addition of the antagonist to Diet 1 produced a syndrome similar to 
but more severe than that described elsewhere for rats which received a 
purified diet plus sulfonamides (3) (Table II). By using various levels 
of the antagonist and pteroylglutamic acid it was readily possible to 
demonstrate a competition between the antagonist in producing the 
syndrome and pteroylglutamic acid in preventing it. After the syndrome 
had been produced, it was possible to reverse it by increasing the dietary 
level of pteroylglutamic acid and to study the regenerative changes con- 
cerned with recovery. 

It was found that, when the level of pteroylglutamic acid added to the 
diet was in excess of approximately 0.3 mg. per gm. of antagonist, the rats 
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were protected against pteroylglutamic acid deficiency. If, however, 
the level of pteroylglutamic acid was 0.3 mg. or less per gm. of antagonist, 
the animals developed acute signs of pteroylglutamic acid deficiency which 
became progressively more intense as the ratio of antagonist to pteroyl- 
glutamic acid was widened (Table III). The deficiency was characterized 
by a number of parallel effects, including a slowing of growth, a reduction 


Taste III 
E free t of Antagonist and Pteroylqlutamic Acid (PGA) on Hematology of Rats Fed 


Diet | 
. Supplement ate m. per wr ET $ Gra ee 
2 Z 
ie = An- . e ; ‘ 
BS) E | PGA lenge oh. |ts,| wks. |wks.| wk. |wis.|wis.[wis.) wk. | whe. | wis. | wks 
Y fe we 
. er 
1 ] 0 0 14.015.118.3 8.212.6 1500 1500 
2 1.0 0 (14.5)16.619.3 10.5,)15.2 2400 2600 
3 0 1.014.513.610.5 2 § O.8 St 16 
{ 0.3) 1.014.7)13.1 18.1 7.813.3 170 540 
5 3.0 1.0:15.8 15.120.9 10.9.13.7 1500 1100 
6 30 1.0 14.9 15.6 21.3 11.3'14.9 1S00 1500 
7 0 10 15.410.5 * 6.3; * S . 
S 1.010 (15.4)12.2 * 2a.” 100 4 
9 1 10) (13.8 15.1 20.2 9.5)14.2 i200 , 1100 
1 , 100 10) 16.015.7 20.6 15.5 18.2 2900 1600 
2 1] i) QO 113.21/12.1115.2'16.5) 5.6) 9.7) 7.0) 5.3) 1200 1500 630 50 
12 1.0 0 (17.013.115.917.3 7.914.8,12.8 14.1 990) 2700 | 2900 | 4000 
13 0 1O (138.810.6 * . . 7 ae : 970 66 ‘ 
14 1.010 14.713.612.2 7 1.5) 4.7; 3.8) T 670 140 110 + 


15 10 10 15.013.7:17.117.8 9.4 9.5 6.110.0 2100 1400 | 1200 | 1400 
16 100 (10 (14.715.817.618.314.4 9.812.013.8 3100 | 1400 | 2200 | 2300 


* All animals dead 
+ Animals removed for recovery experiment. 


of the per cent hemoglobin, a similar but more marked reduction of the 
white cell count, and, in the differential white count, a greater reduction 
in the granulocytes than in the lymphocytes. The first change observed 
was a loss in weight. During this period, inanition developed and the fur 
became very rough and unkempt in appearance. Wncrustation of the 
vibrissae with a red pigment (9) was observed, together with severe diar- 
rhea. Most of the animals found difficulty in eating and appeared to have 
a tenderness of the mouth. There was always an excellent correlation 
between the blood morphology, weight changes, and the external signs of 
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the condition. The animals were usually in a moribund condition within 
1 to 2 weeks after the onset of the syndrome. At this time the rats were in 
a state of extreme emaciation, a general cytopenia had developed, and 
loss of body weight was about 20 per cent. 

The most significant observation at autopsy was the condition of the 
oral cavity. All animals which died from the syndrome produced by the 
antagonist were found to have necrotie and ulcerative changes in the 
oral cavity. Many rats developed deep ulcers on the lip. There was 
usually a general necrotic condition within the mouth. A severe gingivitis 
was common and many animals developed deep ulcerations at the margins 
of the gums. In several animals ulcerations were seen on the central parts 
of the anterior surface of the tongue. In a few rats deep abscesses in the 
sinuses were found associated with the erosion of the palate. 

The lungs were usually inflamed, with considerable congestion. The 
gastrointestinal tract of most animals was empty and atonic. Only the 
genital system was found to be altered. The uteri were always small and 
atrophic. ‘The liver, spleen, heart, and other organs were normal in size 
and appearance. 

Bone Marrow—The distribution and morphology of the cells in the bone 
marrow were in accord with the hematological changes found in the 
peripheral blood. All marrow samples were normal in appearance and no 
fatty infiltration was apparent. Samples were obtained at autopsy from 
the femur and smears were prepared by the touch technique with Wright- 
Giemsa stain. ‘Two slides were prepared from each animal; the values are 
given in Table IV as cells per 100 nucleated cells after counting 1000 cells 
on each slide. 

Animals 12-2 and 12-3 received an adequate pteroylglutamic acid supple- 
ment of 1.0 mg. per kilo of diet and were used as the controls. The values 
for Animals 12-2 and 12-3, therefore, indicate the normal ranges for the 
various types of nucleated cells of the marrow. The other rats received 
supplements per kilo of Diet 1 as follows: Animal 3-4, 1.0 gm. of antagonist; 
Animal 13-3, 10 gm. of antagonist; Animals 6-1, 6-3, and 6-4, 30 mg. of 
pteroylglutamic acid plus 1.0 gm. of antagonist; Animals 14-4, 14-1, 14-2, 
and 14-5, 1.0 mg. of pteroylglutamic acid plus 10 gm. of antagonist until the 
5th week, following which the pteroylglutamic acid level was increased to 
100 mg. The morphology of the marrow from a rat with a severe antag- 
onist-induced syndrome is indicated by the results obtained with Animals 
13-3 and 3-4. The data show that the proportion of nucleated erythroid 
cells was increased. Furthermore, although deeply staining blast cells of 
this group were seldom seen in the controls, a considerable number were 
found in the erythroid series of the animals with the syndrome. In the 
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myeloid series very few mature granulocytes were found. These data 
indicate that the antagonist exerted a very pronounced effect on the cyto- 
TABLE I\ 


Effect of Antagonist "i Cylology of Bone Marrow of Rats As Compare d with Rats Re. 
ceiving Protective and Curative Levels of Pteroylglutamic Acid ; 


Marrow count 


Total wks Wks. on 


: Mz 
Animal No. Conditior on experi recovery lature . 
ment diet Nucleated ranulocy tes Others Doubtful 
- a“ ore teh 9 including nucleated Ouse 
erytoroid 1.6 cells 
, metamy- cells 
eiocytes 
per cent per cent per cent per cent 
12-2 Normal 10 30-32 17-18 15-48 2-4 
12-5 10 31-35 30-32 30-32 3-4 
13-37 Deficient 5 H)-42 0 51-53 1-5 
3-42 =o ! 1-41 i | 50 56 3-4 
6-1 Protected 5 28-30 37-38 28-20 1-5 
6-3 a 10 9-30) 36-37 30 3 
6-4 10 27-29 34-36 35-36 1-2 
14-48 Recovery 6 ] 21-23 29-32 3-44 5 
14-1 9 | 12-13 92-55 25-27 6-9 
14-2¢ | $ 8-37 51-41 7-28 34 
14-54 = 9 j 40-34 28-33 7-30 3-5 


* Majority stem cells. 

+t Animal 13-3 had an aregenerative marrow. The increased proportion of cells 
of the nucleated erythroid group and the appearance of a considerable number of 
deeply stained blast cells of this series resulted in a morphological picture similar 
to megaloblastic arrest. The marrow, furthermore, showed a complete suppression 
of the maturation of granulocytes. 

t The bone marrow for Animal 3-4 was similar to that for Animal 13-3. Mitotic 
figures were rare. Normoblasts and erythroblasts were seldom found and the 
erythroid group consisted primarily of deeply stained blast cells. 

§ The marrow showed regeneration of cells of the myeloid series, although the 
cells were predominantly metamyelocytes rather than mature granulocytes. Within 
the erythroid group the number of normoblasts was low and the marrow was con- 
sidered aregenerative for this series. 

There was a hyperregeneration of the myeloid series, as indicated by a large 
number of granulocytes (mostly metamyelocytes). The marked scarcity of normo- 
blast, erythroblasts, and erythrocytes, as well as the presence of megaloblasts, 
indicated that there was an aregeneration of the marrow in the erythroid series. 

" The marrow of these two animals appeared to be normal, indicating that re- 
covery had taken place. 


poietic mechanism of the bone marrow. The maturation of cells of the 
erythroid series and the production of mature granulocytes were seriously 
impaired. Group 6 received the same dietary level of antagonist as the 
rats of Group 3; however, sufficient pteroylglutamic acid was added to 
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overcome the effect of the antagonist. The values for these animals were 
in good agreement with those obtained for the normal control group. The 
present findings with bone marrow are similar to the results previously 
reported by Endicott and coworkers (10) for rats with pteroylglutamic 
acid deficiency induced by feeding a purified diet plus succinylsulfa- 
thiazole. 

The experimental reversal of the deficiency syndrome in rats is described 
below. Observations were made on the marrow changes of these animals. 
The animals of Group 14 developed the syndrome after receiving the an- 
tagonist; then the pteroylglutamic acid level was increased and most ani- 
mals recovered from the severe cachexia associated with the deficiency. 

Animals 14-2 and 14-5 recovered completely in growth and appearance. 
When the animals were sacrificed 4 weeks after the reversal was begun, the 
marrow was normal. Animal 14-4 was sacrificed 1 week after the pteroyl- 
glutamic acid level was increased and the data indicate that only a partial 
recovery of the normal cytopoietic function of the bone marrow had taken 
place. Animal 14-1 remained refractory to the therapy and failed to show 
significant gains in body weight. This animal displayed the most severe 
deficiency symptoms previous to the attempted reversal and died as the 
experiment was being terminated. The aberrant morphology of the 
marrow from this animal is evident from Table IV. 

Reversal of Effect of Antagonist—The results are shown in Fig. 1. The 
rats from Group 14 were used, which had received a supplement of 10 gm. 
of antagonist and 1 mg. of pteroylglutamic acid per kilo of diet. The 
“reversal”? was attempted just prior to the expected appearance of the 
terminal moribund state. At the end of the 5th week all of the animals 
were still alive but they were losing weight, a severe cytopenia was found, 
and all had the characteristic chromodacryorrhea. At this time the 
pteroylglutamic acid supplementation was increased to 100 mg. per kilo 
of diet. One animal died on the Ist day but the remaining rats quickly 
showed signs of recovery. The ruffled fur and “bloody tears” disappeared 
in about 1 week. The animals began to gain weight, the hemoglobin was 
restored to the normal level within 3 weeks, and there was a striking 
leucopoiesis, the white cell count increasing from about 4000 to 57,000 
cells per e.mm. within 1 week. The augmentation was primarily in the 
granulocyte series. Only one animal failed to respond. The remaining 
rats recovered rapidly and displayed normal appearance, growth rates, 
and blood morphology within a few weeks. 

The animals were sacrificed 4 weeks after the change and no oral lesions 
were found. The bone marrow at this time was normal in regard to cells 
of the erythroid and granulocyte series. The only unusual finding was the 
condition of the spleen. One animal was sacrificed 1 week after the reversal 
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and the spleen was about 4 times the normal size. This splenomegaly was 
also found in animals sacrificed at the later time, although the degree of 
hypertrophy was not as marked. 
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Fic. 1. Graphic representation of changes in hemoglobin, body weight, white 
blood cell count, and granulocyte count in five rats (Group 12) receiving Diet 1 
plus 1 mg. of pteroylglutamic acid per kilo of diet (O) and in three rats (Group 14) 
receiving Diet 1 plus 10 gm. of antagonist and 1 mg. of pteroylglutamic acid per kilo 
of diet (X), which was changed (arrows) to Diet 1 plus 10 gm. of antagonist and 
100 mg. of pteroylglutamic acid per kilo of diet (@) 

DISCUSSION 

Differing “inhibition ratios” of the antagonist of pteroylglutamic acid 
were found for various organisms. The ratio for Streptococcus faecalis R 
was 20:1, for Lactobacillus casei about 1000:1, and for rats about 3000:1. 
The syndrome induced by the antagonist appeared similar to the pteroyl- 
glutamic acid deficiency produced in rats on a purified diet plus succinyl- 
sulfathiazole (3, 10). However, the syndrome produced by the antagonist 
was much more severe. The results of the present investigations showed 
that the syndrome may be prevented or reversed by pteroylglutamic acid. 
The oral lesions noted in this investigation have not been described pre- 
viously in rats for the pteroylglutamic acid deficiency and recall the lesions 
described in monkeys (11). 

It was stated by Sabin (12) that one of the major problems of modern 
hematology is to find substances which exert specific effects on the matura- 
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tion of the erythroid and myeloid cells of the bone marrow. Stimulation or 
depression of these cytopoietic mechanisms may now be accomplished by 
the use of pteroylglutamic acid or the antagonist. 

Several clinical syndromes are marked by an increase in the count of 
the cellular elements of the blood. It has been demonstrated in this study 
that in normal animals a cytopenia may be produced by the antagonist. 
This preparation might be used experimentally in an attempt to modify 
blood dyscrasias marked by erythrocytosis or leucocytosis. 

Chemical identification of the antagonist was not made, although the 


Li had 


product described elsewhere (4) has been designated ‘‘7-methylfolic acid.” 


SUMMARY 

1. A crude preparation made by condensing 2,4, 5-triamino-6-hydroxy- 
pyrimidine and p-aminobenzoy]-.-glutamic acid with 2,3-dibromobu- 
tyraldehyde was found to antagonize reversibly the effect of pteroylglutamic 
acid on Streptococcus faecalis R, Lactobacillus casei, and rats. 

2. The syndrome produced in rats by the antagonist appeared similar 
to but more acute than that described for pteroylglutamic acid deficiency 
as induced by feeding a purified diet plus succinylsulfathiazole, and was 
accompanied by oral lesions. 

3. Reversal of the syndrome was accompanied by temporarily over- 
compensatory increases in total white blood cell and granulocyte count. 
An enlargement of the spleen was noted following recovery. 
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A STUDY OF WHEY PROTEINS FROM THE MILK 
OF VARIOUS ANIMALS* 


By H. F. DEUTSCH 


(From the Departments of Physiological Chemistry and Physical Chemistry, 
University of Wisconsin, Madison) 


(Received for publication, April 11, 1947) 


The proteins of the plasma and sera of various animals as studied by the 
electrophoretic technique show extreme species variation but are character- 
istic and reproducible for a given species (1, 2). It appeared desirable to 
determine whether the milk proteins of various mammals would show simi- 
lar marked variation in electrophoretic patterns and whether any marked 
relation between the proteins of milk sera and blood plasma exists. An 
electrophoretic and ultracentrifugal study of the milk serum proteins of 
different animals at various times post partum has revealed characteristic 
deviations in these proteins, but few if any apparent relationships to the 
homologous plasma proteins were found except for milk samples taken 
directly post partum. 


EXPERIMENTAL 


lat was removed from the various milk samples by centrifugation, follow- 
ing which the skim milk was adjusted to pH 6.2 (0.1) by the addition of 
dilute hydrochloric acid. For reasons to be discussed, the casein was re- 
moved by rennin, a small amount of a commercial preparation sufficient 
to precipitate the casein within 60 minutes at 35° being used. Following 
removal of the casein by centrifugation and filtration, the whey was dialyzed 
against cold running tap water for 16 to 20 hours to remove the major part 
of the iactose. The dialyzed protein was frozen and dried in vacuo. 

Electrophoretic analyses of these proteins were carried out in a bar- 
biturate-citrate buffer of pH 8.6 and ionic strength of 0.088, in which the 
sodium citrate contributed 48 per cent of the ionic strength. The samples 
were dialyzed against several changes of buffer for 30 to 60 hours at 1°. 
Since most samples showed varying degrees of turbidity, they were filtered 
through a thin Seitz pad prior to the final dialysis period. The electro- 
phoretic experiments were carried out in a long, single section cell of 11 ml. 
capacity at a constant potential gradient of approximately 8.5 volts per 
em. and at a temperature of 1°. Electrophoretic mobilities were measured 
by using the center of the initial boundary as the reference point. Com- 


* A portion of this material was presented before the Division of Biological Chem- 
istry of the American Chemical Society at Chicago, September 9-13, 1946. 
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ponents were designated numerically in the order of increasing mobility, 
since usually they bore no general relationship to the plasma proteins of the 
homologous species. 

Sedimentation analyses were carried out in the high velocity, oil turbine 
Svedberg ultracentrifuge. The speed of the rotor was 50,400 r.p.m. The 
positions of the moving boundaries as a function of time were recorded by 
the cylindrical lens schlieren method in conjunction with a diagonal knife- 
edge. 

Nitrogen analyses were performed on the skim milk and whey samples 
and the amount of casein was obtained by difference. 





RENNIN 





ACID 


Fic. 1. Comparison of descending electrophoretic boundaries of goat whey after 
removal of casein by isoelectric precipitation and by rennin. 


Results 


No differences in the electrophoretic composition of cow whey proteins 
were observed when the casein was removed by isoelectric precipitation or 
by treatfhent with rennin. However, in the case of pooled goat milk, a 
considerable part of the whey proteins of lower isoelectric point was re- 
moved by the acid precipitation, It was found necessary to lower the pH 
to 4.3 to 4.4 to remove effectively goat casein from these proteins, a pH 
somewhat lower than that required in the case of the bovine milk. The 
electrophoretic patterns of goat wheys from the same milk from which 
casein was removed by rennin and by acid treatment are shown in Fig. 1. 
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Considerable amounts of the goat whey proteins of the lower isoelectric 
point were removed by acid precipitation and, since a similar effect might 
occur with milk from other species, all casein removals were performed with 
rennin. In the case of human milk, rennin treatment followed by adjust- 


TaBLe I 


Distribution of Nitrogen in Fractions from Milk of Several Animals at Various Times 


Post Partum 














| ye 

Animal Davai | a 
Skim milk | Whey Casein 
7 | per cent | per ceni per cenit 
Cow 0 | 2.32 1.58 0.74 
1 1.05 0.51 0.54 
2 0.57 0.13 0.43 
Aged* 0.47 0.12 0.35 
Goat 0 1.76 1.22 0.54 
2 0.73 0.28 0.45 
4 0.68 0.22 0.46 
Aged* 0.63 0.17 0.46 
Pig Ot 2.50 1.74 0.76 
Ot 2.31 1.8] 0.50 
2t 2.00 1.66 0.34 
3t 0.60 0.32 0.28 
5t 0.99 0.56 0.43 
Ot 0.65 0.39 0.26 
13t 1.04 0.73 0.31 
Human 1-2* 0.29 0. 25§ 0.04 
6-9* 0.28 0.17 0.11 
14* 0.20 0.15 0.05 
40 0.20 0.13 0.07 
90 0.2 0.13 0.10 
Sheep 7 1.61 0.54 1.07 
35 0.78 0.20 0.58 
Horse 1] 0.80 0.40 0.40 

90 0.40 0.21 





* Pooled samples; remainder individual. 
+ Poland-China sow. 

} Chester white sow. 
N 


§ 31.3 per cent of whey nitrogen dialyzable. 


0.19 


ment of the pH to 4.8 was found necessary to precipitate the casein. 
first postpartum milk of swine also offered some difficulties in this respect. 

To determine whether appreciable amounts of casein remained with the 
whey proteins, a sample of casein was prepared by acid precipitation of 
bovine skim milk and electrophoretic analyses were carried out. 
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TaBLe II 





Electrophoretic and Ultracentrifugal Analysis of Whey Proteins 





Bovine 


Goat 


Pig (Chester 
white) 


Pig (Po- 
land- 
China 


Human 


Sheep 


Horse 


* Average mobilities (u) in 


tive. 


+ Sedimentation velocities 

t Pooled samples 

§ Two animals. 
Sedimentation constant 7.6 


agreement with previous workers (3, 
were observed. 


Per cent and electrophoretic mobility,* 
constituent No. 


Per cent sedimentation 
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The mobilities are nega- 


4), two electrophoretic components 
Their mobilities did not agree with any of those of the 


components of the whey, which suggests that the bovine whey samples 
studied did not contain significant amounts of casein. 
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Samples of the various milks showed characteristic changes at various 
times post partum. In general, these changes were characterized by pro- 
gressive decrease with time post partum in the nitrogen content of the whey 
and the components of low electrophoretic mobility. The higher molecular 
weight components showed similar decreases as revealed by sedimentation 
analysis. Such observations are compatible with numerous data in the 


1 


O TIME 





POOLEO AGED 


Fic. 2. Descending electrophoretic boundaries of bovine whey at various times 
post partum. 


literature which show marked increases in the albumin-globulin ratio of 
milk proteins with increase in postpartum time. The amounts of nitrogen 
found in the three milk fractions of the animals studied at various times 
following delivery are shown in Table I. The electrophoretic analyses 
for the same samples are shown in Table II.. Numbers by which the com- 
ponents for a given species are designated bear no relationship to the same 
numbers used with components of other species, but are used merely as a 
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matter of convenience. Sedimentation analyses of the first and latest 
postpartum whey samples for each species are also included with the other 
data in Table IT. | 
A marked change in the concentration of various protein constituents 
of bovine whey will be apparent from an inspection of Tables I and II, 
The electrophoretic and sedimentation patterns reflecting these changes are 
shown in Figs. 2 and 8. In addition to the sedimentation components 
recorded in Fig. 8, there is present a component with sedimentation con- 








y 
A 
O TIME 
f 
2 DAYS A 
Fic. 3. Descending electrophoretic boundaries of goat whey at 0 and 48 hours 
post partum. 
, souks I 
stant so, = 20 Svedberg units. This component represents about 10 per 
cent of the total protein. After 2 days, the milk constituents began to I 


approach those of normal pooled milk. The electrophoretic composition | 
of bovine colostrum is analagous to that recorded by Smith (4). The glob- | 
ulins of slower electrophoretic mobility are relatively heterogeneous. | 

They possess a mobility within the range of the y-globulins separated F 
from bovine serum by Smith (4) and by Hess and Deutsch (5). The elee- | 
trophoretic pattern of the various bovine milk samples shown in Fig. 2 I 











urs 
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strongly suggests that several proteins are present in the component desig- 
nated Component 1. 

Relatively rapid changes in the whey proteins of the goat are indicated by 
the nitrogen analysis. ‘These proteins were essentially normal as indicated 
by nitrogen and electrophoretic analysis for a sample taken at 48 hours 


POLAND - CHINA 


2-3 DAYS 


aah _ nes 





6-9 DAYS 
CHESTER- WHITE 


QO TIME 





90 DAYS wus 
Fic. 4 Via. 5 
Fig. 4. Descending electrophoretic boundaries of human whey at various times 
post partum. 
Fic. 5. Descending electrophoretic boundaries of whey of Chester white and 
Poland-China pigs at various times post partum. 


post partum (Fig. 3). On the basis of chemical analyses, Bergman and 
Turner (6) have reported that the goat milk constituents tend to approach 
a stable condition on about the 3rd to 4th day post partum. The electro- 
phoretie mobility of the fraction of slow movement was close to that re- 
ported for the analagous constituent of goat blood plasma (1, 7). More- 
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over this component was relatively homogeneous in the electrophoretic 
field. The sedimentation studies (Fig. 8) show changes similar to those 
recorded for the cow whey. 

Relatively slight changes with postpartum time in the electrophoretic 
and sedimentation diagrams were found in the case of the proteins of human 
milk whey. However, it can be seen from Fig. 4 that the amount of 
the electrophoretic Component 1 is largest in samples taken soon after 


4 





35 DAY 


Fia. 6. Descending electrophoretic boundaries of sheep whey at various times 
post partum. 





Fic. 7. Descending electrophoretic boundary of horse whey 11 days post partum. 


birth. The sedimentation patterns for human milk whey are more com- 
plex compared to those observed for the other species; also smaller amounts 
| of the proteins of sedimentation constants 82. = 1 to 3 Svedberg units 
are present. 

The electrophoretic patterns of the milk plasma proteins of two breeds 
of pigs revealed slight differences even within the species, as is shown in 
Fig. 5. However, postpartum changes similar to those of the other animals 
studied, as reflected by the electrophoretic and sedimentation analyses 
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(Fig. 8), are also evident. The whey prepared from milk collected from 
the Chester white sow 14 days post partum contained a component of lower 
electrophoretic mobility than had been previously noted. The sedimenta- 
tion patterns of the pig wheys reveal two definite heterogeneous areas for 
the proteins of lower sedimentation constant. 


GOAT HUMAN 
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Fic. 8. Sedimentation diagrams of milk wheys at various times post partum. 
The earliest samples shown at the top of series and times post partum for various 
animals are as follows: cow, 0 and 2 days, aged; horse, 11 days; goat, 0 and 2 days; 
pig (Poland-China), 0 and 9 days; human, 1, 2, and 90 days; sheep, 7 and 35 days. 
Sedimentation constants in Svedberg units form the abscissae. 


Two samples of sheep milk were studied. The sample taken 7 days 
post partum gave a whey which showed larger amounts of the globulin 
constituent compared to the later sample. The electrophoretic patterns 
of the whey proteins of this species, Fig. 6, are quite similar to those of 
the goat wheys. The sedimentation patterns of the sheep wheys shown in 
Fig. 8 reveal the presence of slightly larger amounts of protein of higher 
sedimentation constant in the sample taken at the earlier postpartum time. 

The wheys from two samples of horse milk taken relatively late post 





ee 
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partum showed almost identical electrophoretic composition, as is seen by 
the results in Table II. However, the electrophoretic pattern shown in 
Fig. 7 is distinctly different from that of the other animals. ‘lhere is an 
electrophoretic component of very low mobility present in these wh ys. 
A component in the whey of a Chester white sow (Fig. 5), taken 14 days 
post partum, has a similar mobility. ‘The sedimentation diagram for horse 
whey (Fig. 8) reveals less heterogeneity in the proteins of low sedimentation 
constant than is characteristic of the other animal whevs 


DISCUSSION 


‘The changes in the nitrogen content found in samples of milk of various 
animals at different times post partum correspond in general with values 
reported in the literature. A portion of the nitrogen of milk whevs is known 
to be dialyzable and to be made up of nitrogenous constituents other than 
protein. Thus, in the human milk sample collected 1 to 2 days post partum, 
31.3 per cent of the whey nitrogen was found to be dialyzable. ‘This is 
in agreement with the high non-protein nitrogen value of 15 to 25 per cent 
reported for normal human whole milk by varicus investigators (8-11). 
Cow’s milk has been reported to have much lower non-protein nitrogen 
values than human milk (9). 

Colostrum wheys are characterized by the presence of large amounts of 
proteins of low electrophoretic mobility. In these wheys there is also found 
a marked increase in the amount of the protein component of sedimentation 
constant sx», = 6 Svedberg units. Smith (12) has found that the immune 
globulins of bovine colostrum which he has separated by fractionation and 
which correspond to our Component | consist largely of molecular kinetic 
units having a sedimentation constant of so, = 7 Svedberg units. The 
corresponding immune globulins of our ur fractionated wheys have been 
found to give somewhat lower sedimentation constants. Pedersen (13) 
has reported a normal lactoglobulin of milk to have a sedimentation con- 
stant of soo, = 7.0 to 7.4 Svedberg units, although a fraction made up largely 
of this protein was found to give a somewhat lower value. ‘The greater 
part of normal bovine whey proteins consists of the lactoglobulin of Palmer 
and the albumin of Kekwick, which have sedimentation constants (s2ow) 
equal to approximately 3 and 2 Svedberg units respectively. A component 
not shown in Fig. 8 and possessing a sedimentation of s2,,. = 20 Svedberg 
units makes up approximately 10 per cent of the proteins of bovine colos- 
trum whey. So heavy a protein molecule has not been found in the serum 
y-globulins of normal (5) or hyperimmunized (12) cows. However, 
Smith (12) has recognized such a component in the euglobulin fraction 
of the immune lactoglobulins of bovine milk and colostrum. 

The electrophoretic patterns of the whey proteins are characteristic 
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of the species, as is true of the blood serum and plasma proteins (1, 2). 
Although some of the mobilities of the electrophoretic constituents of a 
given whey agree with those of certain plasma constituents of the same 
animal, as determined previously (1), there seems to be little relation be- 
tween the plasma and whey proteins from an electrophoretic standpoint. 
The large amounts of protein in the wheys from the first postpartum milk 
samples, which we have designated Component 1 do, however, possess an 
electrophoretic mobility much like that of the immune globulins of the 
blood plasma. 

The young of various species receive antibodies from different sources. 
The placental structure of humans is essentially one cell thick and allows 
the antibody protein to pass from the maternal blood to the young in utero. 
However, it appears that young foals, kids, lambs, pigs, and calves acquire 
these proteins from the colostrum (14-17). In these animals the placental 
membranes contain three or more cell layers (18). This difference may 
be reflected in the failure of human whey to show the high level of protein 
Component | which is observed in the early postpartum wheys of the pig, 


goat, and cow. 


SUMMARY 


The whey proteins of various animals show marked differences in elec- 
tophoretic composition and, as in the case of the plasma proteins, are 
characteristic for a given species. Marked changes in the protein content 
of the milk at various times post partum are indicated by changes in the 
electrophoretic and sedimentation patterns. 

The author wishes to acknowledge the technical assistance of Mr. E. 
H. Hanson, Mrs. Alice MeGilvery, and Miss M. 8. Morris. The helpful 
suggestions of Dr. J. W. Williams are greatly appreciated. Various samples 
of milk were received through the courtesy of Dr. R. H. Grummer and Dr. 
R. C. Herrin. The work was supported in part by grants from the Wis- 
consin Alumni Research Foundation and the United States Public Health 


Service. 
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LETTERS TO THE EDITORS 





THE PRESENCE OF HIGH 6-GLUCURONIDASE 
ACTIVITY IN CANCER TISSUE* 
: 
Sirs: 


8-Glucuronidase is believed to function in the “metabolic conjugation” 
of the estrogenic hormones.! In view of the large amount of experimental 


Distribution of B-Glucuronidase in Adenocarcinoma of Breast with Metastases to 
Azillary Lymph Nodes 














No. of . 
Organ Tissue —- ——" 
units 
Breast Edge of lesion 1 450 
7 Center of lesion 1 890 
"s | Uninvolved breast 2 168, 112 
. skin over carcinoma | 1 89 
“ | “ fat | 41 | 87 
” ” muscle 1 98 
Right axilla Involved lymph nodes 2 1960, 3520 
- a | Uninvolved lymph nodes 2 816, 572 
Left ss | Involved lymph node Zz | 3700 
“s - Uninvolved lymph nodes 5 | 633, 510, 640, 


365, 645 





On March 28, 1947, a radical resection of the breast and right axilla was performed 
on Mrs. C. The lymph nodes of the left axilla were removed on April 4. The pres- 
ence or absence of carcinoma was confirmed histologically. 

* A unit of 8-glucuronidase is defined as 1 y of phenolphthalein liberated per hour 
per gm. of wet tissue from 0.01 x phenolphthalein mono-8-glucuronide buffered at pH 
4.5, 0.1 m acetate buffer, at 37.5°. 


and clinical evidence which indicates a réle of the estrogenic hormones in 
the production of malignant growth, the glucuronidase activity of cancerous 
tissues was studied. The data in this report are regarded as evidence of 
the involvement of 8-glucuronidase in processes of malignant growth. 


* Aided by a grant from the Otho 8. A. Sprague Memorial Institute. 
1 Fishman, W. H., J. Biol. Chem., 169, 7 (1947). 
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Fresh tissue specimens removed at operation were divided; one-half was 
fixed in formalin for histological study and the other half was weighed, 
homogenized in water, and assayed for 6-glucuronidase activity. Tissues 
excised from malignant neoplasms of various organs including breast, 
uterus, stomach, mesentery, abdominal wall, and esophagus were found to 
contain from 100 to 3600 per cent more glucuronidase activity than the 
uninvolved adjacent tissue. Metastases to lymph nodes from cancers orig- 
inating in various organs including stomach, lung, breast, finger, colon, and 
esophagus likewise contained 6-glucuronidase in higher concentration than 
the uninvolved lymph nodes. As an illustration, the table lists the enzymic 
activities of cancerous and non-cancero@s portions of the breast and axillary 
lvmph nodes removed at operation. 

In view of the evidence':? of a participation of 8-glucuronidase in the 
metabolism of estrogens, the elevated glucuronidase in the tumor tissue may 
be interpreted as a metabolic response to the presence of high concentrations 
of estrogen or some closely related substance. Investigations now in prog- 
ress are designed to test this hypothesis. 


Departments of Surgery and Biochemistry WituraM H. FisumMan 
University of Chicago A. J. ANLYAN 
Chicago 


Received for publication, May 2, 1947 





? Fishman, W. H., and Fishman, L. W., J. Biol. Chem., 152, 487 (1944). 











| THE ROLE OF BIOTIN IN BICARBONATE UTILIZATION 
BY BACTERIA 
Sirs: 

In the present study of the mechanism by which biotin affects the syn- 
thesis of aspartate,' oxalacetate has been found capable of promoting 
growth of L. arabinosus 17-5 on media’ deficient in both biotin and aspartic 
acid (Table I). It therefore seems likely that the biotin-deficient organism 





TABLE I 
M1. of acid produced 
| in 36 hrs.* 
Volume of media Addition to basal medium - —a - 
Low biotint High biotint 
| | media | media 
Macro, 10 ml. None | £2 10.0 
Oxalacetate, M/135t 4.5 10.0 
pL-Aspartate, M/670 8.5 10.0 
Semimicro, 2 ml. None 0.66 4.9 
Oxalacetate, m/135t 2.7 4.8 
pL-Aspartate, M/670 5.0 4.9 


* Macro-titrated with 0.1 N NaOH; semimicro-titrated with 0.04 n NaOH. 
t Media containing 0.05 and 2.0 @diexemicrograms of biotin per ml. respectively. 
t Sterile solution added aseptically at time of inoculation. 


ean convert oxalacetate to aspartate by transamination. The extreme 
lability of oxalacetate may account for the fact that it is not as effective 
as aspartate in promoting growth on low biotin media. Pyruvate, suc- 
cinite, fumarate, L-malate, and a-ketoglutarate did not support growth. 

The synthesis of oxalacetate by a number of heterotrophic organisms 
involves the condensation of pyruvate and CQ,:,*° and Lyman ef al.‘ have 
recently shown the necessity of CO, for the synthesis of aspartic acid by 
lactobacilli. Since the lactie acid bacteria are known to produce pyruvate 
during the fermentation of glucose, it seemed possible that the inability of 
biotin-deficient organisms to synthesize aspartate lay in their failure to 


! Koser, S., Wright, M., and Dorfman, A., Proc. Soc. Exp. Biol. and Med., 51, 204 
(1942). Stokes, J. L., Larsen, A., and Gunness, M., J. Biol. Chem., 167, 613 (1947). 

2 Stokes, J. L., Gunness, M., Dwyer, I. M., and Caswell, M. C., J. Biol. Chem., 
160, 35 (1945). 

* Werkman, C., and Wood, H. G., Bot. Rev., 8, 1 (1942). 

‘Lyman, C. M., Mosley, 0., Wood, 8., Butler, B., and Hale, F., J. Biol. Chem., 
167, 177 (1947 
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condense pyruvate and CO, to produce oxalacetate. The data in Table 
II show that bicarbonate elicits no appreciable growth response in a biotin- 
low medium devoid of aspartic acid, and that bicarbonate greatly stimu- 
lates growth in the presence of biotin. 

















TABLE II 
| Galvanometer readings* 
Additions to basal medium | Low biotin mediumt High biotin mediumt 
12 hrs. iShrs. | 12hrs. | 18 bes. 
None..... ; eo 89 87 80 52 
Bicarbonate, mM/270f ..... 89 86 66 43 
Oxalacetate, m/270f .. 86 81 59 34 
Aspartate, M/670.... nil 82 72 66 31 








* Turbidity was measured with an Evelyn colorimeter and Filter 660; sterile media 
set at 100. The values are the average. of triplicate tubes. 

t Media containing 0.05 and 2.0 mieromicrograms of biotin per ml. respectively. 

t Sterile solution added aseptically at time of inoculation 





It is of interest that, on a high biotin medium, oxalacetate consistently 
stimulates early growth of L. arabinosus above the level obtained with 
aspartate or aspartate plus bicarbonate. 


Department of Biochemistry Henry A. Larpy 
College of Agriculture Ricuarp L. Porrer 
University of Wisconsin C. A. ELVenJEM 
Madison 


Received for publication, April 16, 1947 
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INVOLVEMENT OF BIOTIN IN THE BIOSYNTHESIS 
OF OXALACETIC AND a-KETOGLUTARIC ACIDS 


Sirs: 


It has recently been shown that 2-oxo-4-imidazolidinecaproic acid! pre- 
vents the biosynthesis of biotin in Escherichia coli by competing with 
desthiobiotin for the enzyme system which converts desthiobiotin to 
biotin.2 In the present investigation, it has been found that the antibac- 
terial index for this competitive inhibition was increased 3-fold (from about 
100 to 300) by exogenous a-ketoglutaric acid (300 to 1000 y per 5 cc.).’ 
L-Glutamie acid produced a similar effect, but aspartic, succinic, fumaric, 
malic, and cis-aconitic acids were inactive. From our first discussion of 
inhibition analysis,’ it is apparent that substances having a sparing action 
on the product of the inhibited enzyme system such as to decrease the 
quantity of product necessary for a given amount of growth will cause a 
change in the antibacterial index. That a-ketoglutaric or glutamic acid 
exerts such a sparing effect is shown on addition of either of the metabolites 
to the growth medium by the decrease in the quantity of biotin from 0.03 
to 0.003-0.01 y per 5 cc. as the amount necessary to prevent the toxic 
action of 1 mg. of the inhibitor per 5 cc. of medium. From these data, 
it appears that the first system affected by decreased biotin synthesis in 
E. coli is the biosynthesis of a-ketoglutaric acid. 

Since a-ketoglutaric acid is apparently involved in the biosynthesis of 
aspartic acid in Z£. coli,5 the desthiobiotin analogue and inhibitory aspartic 
acid analogues,*:* should be synergistic in preventing growth of £. coli. 
Such synergism with the desthiobiotin analogue was obtained both with 
hydroxyaspartic acid in the presence of pantothenic acid and with cysteic 
acid. This type of phenomenon suggests two blocked enzyme processes 
in sequence. 

Results previously obtained by Garrison and Eakin® in this laboratory 


1 The 2-oxo-4-imidazolidinecaproic acid was supplied by Dr. R. Duschinsky; the 
y-(3,4-ureylenecyclohexyl)butyric acid by Dr. R. O. Roblin, Jr. 

2 Rogers, L. L., and Shive, W., J. Biol. Chem., 169, 57 (1947). 

? The testing methods have been previously described (see foot-notes 2,4,5). For 
L. arabinosus, aspartic acid was omitted from the basal medium, and biotin was sup- 
plied in concentration beginning at 0.01 y per 5 cc. a-Ketoglutaric and oxalacetic 
acids were filtered and added aseptically; the latter was added in 5 equal parts at 
intervals during the incubation period. Z. colt was incubated 17 hours at 37°; L. 
arabinosus 24 hours at 30°. 

‘Shive, W., and Macow, J., J. Biol. Chem., 162, 451 (1946). 

5 Ravel, J. M., and Shive, W., J. Biol. Chem., 166, 407 (1946). 

* Garrison, L. 8., and Eakin, R. E., unpublished data. 
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indicate that biotin functions in yeast in the carboxylation of pyruvic acid 
to form oxalacetic acid. By analogy one might suppose that biotin also 
functions in the conversion of oxalsuccinie acid to a-ketoglutarice acid. 

Further establishing this relationship of biotin to the synthesis of oxala- 
cetic acid, an inhibition analysis of the competitive inhibition of growth of 
Lactobacillus arabinosus,’ obtained with y-(3 ,4-ureylenecyclohexy!) butyric 
acid’ displacing biotin, indicated that the antibacterial index was approxi- 
mately 30,000 in the absence of aspartic acid or oxalacetic acid but increased 
to 300,000 in the presence of either metabolite (1 mg. per 5 cc.). Succinic, 
malic, or fumaric acid did not affect the toxicity of the inhibitor. In 
view of the sparing action of aspartic acid on biotin reported for this and 
other organisms,’ * it would appear that the change in antibacterial index 
on addition of oxalacetic acid or aspartic acid is due to a sparing action on 
the biotin coenzyme, the formation of which is prevented by the biotin 
analogue. 

These results tend to bear out the conclusion of Garrison and Eakin* 
that biotin functions in the carboxylation of pyruvie acid to oxalacetic 


acid. 
Biochemical Institute, Clayton Foundation for Research, WILLIAM SHIVE 
and the Department of Chemistry LoRENE LANE RoGers 
The University of Texas 
Austin 


Received for publication, April 16, 1947 


7 Koser, S. A., Wright, M. H., and Dorfman, A., Proc. Soc. Exp. Biol. and Med., 


61, 204 (1942). 
§ Stokes, J. L., Larsen, A., and Gunness, M., J. Biol. Chem., 167, 613 (1947) 
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UNIDENTIFIED GROWTH FACTORS FOR LACTOBACILLUS 
LACTIS IN REFINED LIVER EXTRACTS* 


Sirs: 


In an attempt to find a microorganism that might require a rat growth 
factor found in liver extracts and certain caseins' and in some foodstuffs,’ 
it was noted*® that Lactobacillus lactis Dorner,‘ * required the presence of 


Assay of LLD Factor in Liver Extracts in Presence of TJ Factor 








Amount of liver extract 


Liver preparation giving half maximum 
growth* 
me. 

Liver Fraction L (Wilson) | 0.6 

mil. 

1/60 unit oral liver extract, Company A 0.0119 
1 é a oF ™ ” B 0.0093 
3.3 units“ “ 6 “ A 0.00435 
5 ‘“* refined liver extract, Company B 0.0025 
. = == ‘ ee | 0.00034 
10 i Bi ti " is A 0.00043 
15 2 = ” " 59 B 0.00035 
15 . “ - " as A 0.00022 


* Defined as equal to a galvanometer reading of 65 on the Evelyn colorimeter, 
Filter 620, when Lactobacillus lactis Dorner is grown for 66 hours at 37°, in a total 
volume of 10 ml. of amino acid basal medium containing 0.5 ml. of clarified tomato 
juice per tube. 


two unidentified factors for growth in an amino acid basal medium contain- 
ing all the synthetic B vitamins. One factor, present in clarified canned 
tomato juice (TJ), was also found in low amounts in casein and in many 
other substances, while the second heat-stable factor (LL.D) was found in 


? 


* Scientific paper No. A 164. Contribution No. 2059 of the Maryland Agricultural 
Experiment Station (Department of Poultry Husbandry). 

Cary, C. A., Hartman, A. M., Dryden, L. P., and Likely, G. D., Federation Proc., 
5, 128 (1946). 

2? Hartman, A. M., Federation Proc., 5, 137 (1946). 

?Shorb, M.S8., J. Bact.; abstract in press. 

‘ Peterson, W. H., and Peterson, M.8., Bact. Rev., 9, 49 (1945). 

‘The author is indebted to Dr. Morrison Rogosa, Bureau of Dairy Industry, 
United States Department of Agriculture, Washington, D. C., for this culture. Lac 
tobacillus lactis Dorner is No. 8000 of the American Type Culture Collection. 
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highest concentrations in the liver extracts active for rat growth, but not 
in casein or casein hydrolysates.* 

Assays for the LLD factor in crude and refined liver extracts of the 
type used for intramuscular injection in the treatment of pernicious anemia 
show that the LLD factor is apparently concentrated in the refined extracts 
in almost linear relationship to the potency of the extracts for effecting re- 
mission of symptoms in pernicious anemia. This relationship, as shown 
in the table, suggests that the LLD factor might be the active principle 
in pernicious anemia. It is known that synthetic folic acid is not the ac- 
tive principle in pernicious anemia concentrates.* 

TJ factor is present in variable amounts in liver extracts, but is generally 
more concentrated in the crude liver extracts than in the refined extracts. 
While the TJ factor may not have any function in the treatment of anemias, 
it may be that both TJ and LLD factors are of fundamental importance, 
since both factors are required together for the growth of L. lactis Dorner. 

The relationship of the LLD and TJ factors to those for other bacteria 
and animals is not clear at present. A third factor appears to be synthe- 
sized by L. lactis Dorner and is found in certain fractions obtained from 
Wilson’s Liver Fraction L. Inhibitory substances are present in many 
natural materials, in some tomato juice preparations, and liver fractions. 
Because of many variables influencing the growth of L. lactis Dorner, fur- 
ther work is needed in the separation of the various factors before accurate 
assay methods can be worked out. JL. lactis Dorner should be of value in 
the further study of these factors and their relation to anemias. 


Department of Poultry Husbandry Mary 8. SHors 
University of Maryland 
College Park, Maryland 


Received for publication, May 13, 1947 





* Frommeyer, W. B., Jr., and Spies, T. D., Am. J. Med. Sc., 218, 135 (1947). 











THE ANTISTREPTOMYCIN ACTIVITY OF LIPOSITOL* 


Sirs: 


In an earlier report! it was shown that the antibacterial action of strep- 
tomycin on Eberthella typhosa and Staphylococcus aureus was greatly de- 
creased when the bacteria were grown in Difco brain-heart infusion. Ina 
continuation of this work it was found that a methanol extract of the brain- 
heart infusion contained the streptomycin-inhibiting factor and that Difco 
heart infusion had no activity. In order to study the nature of the factor, 
Difco Casamino acids medium was used as the base medium. It was first 
determined that the vitamin content of Casamino acids medium and even 
added vitamin did not carry the factor. Comparison of peptone, neo- 
peptone, proteose peptone, peptone 3, tryptose, tryptone, trypticase, 
phytone, and Liver Fraction L indicated that phytone (a plant peptone) 
was the most active. In order to save time a shorter assay method was 
devised at this point. The modified procedure consisted of adding 2.5 
ml. of double strength base medium to a solution of the material to be 
assayed in 2 ml. of water. The final solution was sterilized and cooled. 
Streptomycin (0.5 ml.) of the desired concentration and 1 standard drop 
of a 24 hour broth culture of the test organism were then added. The 
total volume was 5 ml. in all tests and the amount of streptomycin added 
in the tests with 2. typhosa was 200 units per ml., or a total of 1000 units, 
and with S. aureus 50 units per ml., or a total of 250 units. Incubation 
was at 37° for 15 hours. The presence or absence of turbidity was used 
as the measure for the presence of the active factor. Final checks were 
made by plating 1 ml. of the solution after the 15 hour incubation inter- 
val. Several different concentrations of the assay material were tested 
in order to determine the minimum amount that gave effective inhibition 
of streptomycin. 

The original brain-heart infusion was active at a level of 25 to 50 mg. 
A special Difco brain infusion? gave inhibition at a much lower level. 
At this point a systematic fractionation of the active substance from 
brain was undertaken. As was expected, aqueous extracts were ac- 


* The authors wish to express their appreciation to the Abbott Laboratories, Eli 
Lilly and Company, Parke, Davis and Company, and The Upjohn Company for a 
grant in support of this work. 

1 Wallace, G. I., Rhymer, I., Gibson, O., and Shattuck, M., Proc. Soc. Exp. Biol. 
Med., 60, 127 (1945). 

2 Difco brain infusion, experimental, 84472. The authors wish to express their 
appreciation to Dr. H. W. Schoenlein and the Difco Laboratories, Inc., for this 
material. 


457 











458 LETTERS TO THE EDITORS 


tive. To our surprise, however, ether removed the major portion of the 
activity from an acetone-dried brain preparation. The ether-soluble ma- 
terial on extraction with water yielded a fraction active at a level of 1 mg. 
(S. aureus). These data suggested that the active substance might be 
lipositol.* The solubility of the substance in both ether and water and its 
occurrence in brain and in phytone (partially derived from soy bean) 
pointed in this direction. Furthermore the presence in lipositol of an 
inositol-galactose structure suggested the possibility of «a metabolite- 
antimetabolite relationship with streptomycin. Dr. Woolley very kindly 
provided us with a sample of soy bean lipositol. On testing, this substance 
proved to be active at the extremely low level of 0.001 mg. (S. aureus). 
In other words the antibacterial activity of 50 units (0.06 mg.) of strep- 
tomycin per ml. was suppressed by 0.0002 mg. of lipositol per ml. 

The data raise some very interesting questions regarding the rdéle of 
lipositol in nutrition and its relationship to the antibacterial action of 
streptomycin. These problems are being investigated in our laboratories 
at the present time, and the effect of other phospholipides on streptomycin 


j8 being studied. 


Department of Bacteriology lone RHYMER 


G. I. WALLACE 
Division of Biochemistry, Noyes Laboratory of Chemistry L. W. Byers 
University of Illinois Herpert FE. Carrer 


Urbana 
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Woolley, D. W., J. Biol. Chem., 147, 581 (1943). 











DISTRIBUTION OF LABELED CARBON IN 
SUGAR FROM BARLEY* 


Sirs: 


We have recently prepared radioactive sugars from barley seedling® 
which assimilated C™O,.' It is of importance to know the distribution of 
the labeled carbon in the sugars formed under these conditions. 

Two microbiological methods were used in the degradation: (1) the 
fermentation of the sugars by veast and (2) by Lactobacillus casei. The 
scheme employed with the latter organism is essentially that used by Wood 
et al. 

The primary modification in the scheme is the oxidation of the lactic 
acid to carbon dioxide and acetic acid, rather than acetaldehyde, followed 


Costens | Carbons | Carbons 
6 | 


Source Sugar Organism 25 3.4 

| , | ’ 

eee ere — | 
With roots Hydrolyzed sugar Yeast 1.00 | 1.96 
Crystalline glucose L. casei 0.83 1.00 | 1.60 
Without roots Non-hydrolyzed - 0.41 1.00 | 2.95 
Crystalline glucose = 0.68 1.00 | 2.61 


by the conversion of the barium acetate to acetone and thence to iodoform. 
All final counts were made as BaCQs. 

In the veast fermentation method, the procedure was identical to that 
depicted above, following the oxidation of the alcohol to acetic acid. 

Sugars from plants with and without roots were investigated, and the 
results appear to indicate definite differences in isotope distribution. In 
two experiments the glucose was prepared from sugar extract by crystalli- 
zation. In the two other experiments, one sample of sugar was acid-hy- 
drolyzed, while the other was used without further treatment. 

The relative activities of the carbons, based on position 2,5 arbitrarily 
assigned equal to 1.00, are tabulated. It will be noted that with the meth- 
ods used it is impossible to distinquish between carbons the analysis of 
which occurs in pairs because of the tautomerism of the trioses formed in 
the primary cleavage of the hexose. It is possible that they are not equal, 
and experiments are in progress to determine this point. 


* This paper is based on work performed under contract No. W-7405-Eng-48 with 
the Atomie Energy Commission and the University of California. 

' Aronoff, S., Benson, A. A., Hassid, W. Z., and Calvin, M., Science, in press. 

? Wood, H. G., Lifson, N., and Lorber, V., J. Biol. Chem., 169, 475 (1946). 
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Assuming that hexoses are formed from triose phosphates, these results 
indicate that the carbon distribution in the trioses is not uniform, and that 
the activity is greatest in the termina] carbon atoms which eventually be- 
come carbons 3 and 4 in the hexose. 


Radiation Laboratory, Department of Chemistry, and S. ARONOFF 
the Division of Plant Nutrition H. A. BARKER 
University of California M. CaLviIn 
Berkeley 
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ORNITHINE-CATALYZED UREA FORMATION 
IN LIVER HOMOGENATE* 


Sirs: 


Heretofore attempts to obtain synthesis of urea from ammonia (and 
carbon dioxide) in cell-free extracts have been unsuccessful. We have 
found the reaction to proceed in guinea pig liver homogenate. The follow- 
ing is the reaction mixture which has given the highest yields obtained so 
far: L-ornithine (0.00075 mM), ammonia (0.0025 m), L-glutamate (0.01 m), 
oxalacetate (0.005 m), ATP (0.00025 m), and 0.33 gm. of homogenized 
liver in a final volume of 3.5 ml. The following are typical increases in 
urea over the blank observed in 1 hour, in micrograms: ornithine + ammo- 
nia 0, glutamate + oxalacetate 0, glutamate + oxalacetate + ornithine 
49, glutamate + oxalacetate + ammonia 105, glutamate + oxalacetate 
+ ornithine + ammonia 317, glutamate + ocalacetate + ornithine + 
ammonia (without ATP) 150. 

The buffer solution consisted of 90 parts of the phosphate-saline solution 
of Cohen and Hayano! and 10 parts of 0.13 per cent sodium bicarbonate. 
The liver was homogenized by the method of Potter and Elvehjem.? The 
reaction was carried out at 38° and pH 7.5 under 5 per cent carbon dioxide 
and either 95 per cent oxygen or nitrogen. 

Urea was determined by two methods: the xanthydrol method of Engel 
and Engel* or the colorimetric diacetyl monoxime method of Barker* before 
and after digestion with urease. The two methods gave similar results. 

Addition of pyruvate (0.01 to 0.005 mM) to the above reaction mixture 
did not give higher yields of urea. The yield was smaller when oxalacetic 
acid was omitted, and greater when fumarate (0.05 M) was substituted for 
it. Glutamine was as effective, but not more so than equivalent concentra- 
tions of glutamate and ammonia. 

Urea formation in any of the above reaction mixtures was completely 
inhibited by anaerobiosis and by 0.0036 m sodium arsenate. 

Analyses of the absorption curves of the color obtained with diacetyl 
monoxime after digestion with urease indicated that citrulline and other 
chromogenic material were formed during the reaction. By omitting ATP 
from the reaction mixture less urea was formed and the total residual 


* This work is a part of that done under contract with the Office of Naval Research, 
United States Navy Department. 

1 Cohen, P. P., and Hayano, M., J. Biol. Chem., 166, 251 (1946). 

? Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 

3? Engel, M. G., and Engel, F. L., J. Biol. Chem., 167, 535 (1947). 

‘ Barker, S. B., J. Biol. Chem., 162, 453 (1944). 
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chromogenic material after urease digestion (designated as ‘‘citrulline”’ for 
the time being) was doubled. Expressed in terms of citrulline standards, 
ornithine plus ammonia gave at 38° per 0.33 gm. of liver per hour, an increase 
in “citrulline” of 80 y; ornithine plus ammonia plus glutamate 560 7; 
glutamate with either ornithine or ammonia omitted 2007 or less. Pyruvate 
was as effective and oxalacetate less effective than glutamate. 

Anaerobiosis or 0.0036 mM sodium arsenate inhibited the formation of 
“citrulline.” Anaerobiosis also inhibited the conversion of citrulline to 
urea (the reaction mixture contained added glutamate and ATP). On the 
other hand 0.0036 m sodium arsenate did not inhibit urea formation from 
citrulline. The conversion of citrulline to arginine in rat kidney slices is 
completely inhibited by 0.0036 M arsenate It is difficult to reconcile the 
two observations with the view that conversion of citrulline to arginine is 
the obligatory next step in the path to formation of urea. It would appear 
that in guinea pig liver homogenate citrulline may give urea by another 
path as well as via its immediate conversion to arginine. 


William G. Kerckhoff Laboratories of the Biological Sciences HENRY Borsook 
California Institute of Technology Jacos W. DuBNort 
Pasadena 


Received for publication, May 5, 1947 


5 Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 141, 717 (1941). 

















ENZYMIC SYNTHESIS OF TRIPHOSPHOPYRIDINE 
NUCLEOTIDE IN CELL-FREE EXTRACTS* 


Sirs: 


Knowledge of the mechanism of synthesis of diphosphopyridine nucleotide 
and triphosphopyridine nucleotide is lacking, although the enzymic inter- 
conversion of the two substances has been demonstrated.' 

We have found that aqueous extracts of pigeon liver acetone powder, 
dialyzed for 3 days against 0.025 m phosphate buffer, pH 7.4, contain a 


r 
+ 


thermolabile enzyme system capable of the synthesis of TPN when ATP 
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The reaction mixtures were incubated at 30° for a period indicated by the abscissa. 
After incubation the solution was placed in a boiling water bath for 1 minute, cooled, 
neutralized with 2 N KOH, and made up to 2 ml. final volume. The final concentra- 
tions of each of the components of this system were 0.13 m acetate buffer, pH 5.0 
1.3 X 10-3 m nicotinamide, 1.3 X 10-3 m p-ribose, 2 X 10-* m ATP, and 0.3 ml. of 
enzyme solution. 


is added. Nicotinamide increases the quantity of TPN synthesized and a 
maximum effect is observed with a system containing added nicotinamide, 
ATP, and ribose. The original enzyme solution does not contain TPN or 
DPN. Microbiological assay for niacin before and after incubation of the 
enzyme solution with ATP indicates that all of the niacin originally present 
can be accounted for by the TPN synthesized. 


* Aided in part by grants from the John and Mary R. Markle Foundation and from 
the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. 

! von Euler, H., Adler, E., and Eriksen, S., Z. physiol. Chem., 248, 227 (1937). von 
Euler, H., and Adler, E., Z. physiol. Chem., 252, 41 (1938). Vestin, R., Ark. Kemi, 
Mineral. o. Geol., 12B (1938). 
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When the enzyme solution is dialyzed against veronal buffer, pH 7.5, 
the effect of ATP and the synthesis of TPN can be demonstrated only if 
inorganic phosphate (0.025 m) is added. Adenylic acid can be substituted 
for ATP but increased amounts of inorganic phosphate are then required, 

The synthesis of TPN in phosphate buffer is inhibited by 10 m NaCN 
and 10-* m NH,OH (to about 50 per cent) but is not affected by 10 y 
iodoacetate or 2 X 10°? mM NaF. 

TPN was determined by use of the system described by Haas,? quantities 
of TPN from 0.0 to 5.0 y of TPN being determined with an accuracy of 
+0.1 y. The test substances were prepared as previously described. 

Data from a typical experiment are presented in the figure. 

Kurt I. AvtMan 


Department of Biochemistry 
EK. A. Evans, Jr. 


University of Chicago 
Chicago 
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2 Haas, E., J. Biol. Chem., 165, 333 (1944). 
3 Altman, K. I., J. Biol. Chem., 166, 149 (1946). 
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SYNERGISM BETWEEN INDOLEACETIC AND NICOTINIC 
ACIDS IN A PLANT GROWTH INHIBITION 


Sirs: 

Recent investigations' have demonstrated a metabolic relation between 
tryptophan and nicotinic acid in various animals. It has also been claimed 
that indoleacetic acid, a known plant metabolite of tryptophan,? may be 
pellagragenic in the rat. Because of the physiological importance of indole- 
acetic acid asa plant growth hormone, it was deemed advisable to investigate 
the possibility of a nicotinic acid-indoleacetic acid interrelationship in 


plants. 


TaBie | 
Growth of Excised Asparagus Stem Tips in Dark, with and without IAA 


Duration of | No. of tubes Average total growth, mm. per stem tip 





—- |} per treatment — 7 — eS ee ’ Se ee 
md Control Plus 1 yperce.IAA | Plus 10y perce. IAA 
61 15 61.6 + 7.0* 45.6 + 7.4 7.624 1.5 
29 10 34.9 + 3.9 17.0 + 4.7 6.0 + 0.86 
41 10 30.0 + 5.7 8.3 + 3.1 1.7 + 0.14 


* Standard error. 


In these experiments, sterile cultures of excised asparagus stem tips were 
used as the experimental material. Loot has shown that such stem tips 
are capable of potentially unlimited growth on agar containing only minerals 
and sucrose. Asparagus seeds (variety Mary Washington) were surface- 
sterilized by HgCk and germinated in sterile Petri dishes on 1 per cent 
agar. After 2 to 3 weeks, 8 to 10 mm. portions of the stem tip were excised 
and implanted in test-tubes containing 5 cc. of Loo’s medium. The tubes 
were incubated in the dark at 22°, growth in length being measured every 
3 days. 

Whereas indoleacetic acid (IAA) tends to stimulate growth in the light, 
it acts as a potent growth inhibitor in the dark (Table I). Nicotinic acid 


1 Krehl, W. A., Sarma, P. 8., Teply, L. J., and Elvehjem, C. A., J. Nuir., 31, 85 
(1946). Rosen, F., Huff, J. W., and Perlzweig, W. A., J. Biol. Chem., 163, 343 (1946). 
Sarett, H. P., and Goldsmith, G. A., J. Biol. Chem., 167, 293 (1947). Schweigert, B. 
S., Pearson, P. B., and Wilkening, M. C., Arch. Biochem., 12, 139 (1947). Singal,S.A., 
Briggs, A. P., Sydenstricker, V. P., and Littlejohn, J., Federation Proc., 6, 154 (1946). 

2? Wildman, S. G., Ferri, M. G., and Bonner, J., Arch. Biochem., 13, 131 (1947). 

* Kodicek, E., Carpenter, K. J., and Harris, L. J., Lancet, 2, 491 (1946). 

‘Loo, S. W., Am. J. Bot., 32, 13 (1945); 33, 156 (1946). 
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(NA), itself without any marked effect on growth rate in the light or dark, 

will greatly enhance the inhibitory effect of LAA in the dark when the latter 
is supplied at a concentration of 1 y per ec. (Table II). No additional] 
growth inhibition is produced by NA when IAA is supplied at 10 ¥ per ee, 






















TaBLe II 
Effect of Nicotinic Acid upon Indoleacetic Acid-Induced Growth Inhibition 


Durati Average total growth, mm. per stem tip 
uration 


of experi No. of tubes 


per SIE , 
ment : Plus NA(O.5 y per 
om treatment Plus NA(O.5 y Plus IAA(1 : x 
days Control per cc per cc ce Phe 
70 10 44.5 + 4.3* 4.7 + 9.4 40.9 + 9.1 28.44 5.8 
67 10 50.7 + 9.1 51.7 + 8.9 10.3 + 7.0 23.8 + 7.8 


37 10 15.3 + 6.1 15.1 + 4.4 2.3 + 0.5 0.88 + 0.09 


* Standard error 


It therefore seems probable that NA is involved in the growth-regulatory 
effects produced in the plant by IAA, either by being metabolized to an 
[AA precursor or by participation in some intermediary reaction necessary 
for IAA activity. 

Experiments are now in progress to determine whether NA may similarly 
enhance the stimulatory effect of [AA in light-grown asparagus stem tips. 
Osborn Botanical Laboratory ArrHuR W. GaLston 


Yale University 
Vew Haren 
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